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PREFACE 

funded by t h e  Office of SF ce Sci me i n  
FY 76 t o  make a p re l imina ry  i n v e s t i g a t i o n  of  t h e  requi rements  and t echn i -  
cal f e a s i b i l i t y  of  a space te lescope  f o r  s u b m i l l i m e t e r  wavelengths .  As 
a r e s u l t  of t h i s  e a r l y  s tudy ,  funding was made a v a i l a b l e  from D r .  Frank 
Mart in  i n  t h e  Office of Space Science i n  FY 77 t o  form a small working 
group a t  t h e  Jet  Propuls ion  Laboratory.  The main charge of t h i s  group 
was t o  develop a s t r o n g  sc i ence  r a t i o n a l e  f o r  a s u b m i l l i m e t e r  space  
t e l e s c o p e .  I n  response  t o  t h i s  request, a Submil l imeter  Space Telescope 
Working Group was formed i n  May 1977. The fo l lowing  twelve members 
p a r t i c i p a t e d  i n  t h e  s tudy .  

R. L. Brown - Nat iona l  Radio Astronomy Observa tory  
D. Buhl - Goddard Space F l igh t  Center  
T. de Graauw - European Space Agency 
S. Gulk is  - Jet Propuls ion  Laboratory (Chairman) 
T. Kuiper - Jet Propuls ion  Laboratory 
R. Leighton - C a l i f o r n i a  I n s t i t u t e  of  Technology 
D. S t a e l i n  - Massachusetts I n s t i t u t e  o f  Technology 
P.  Swanson - Jet  Propuls ion  Laboratory 
P .  Thaddeus - Goddard I n s t i t u t e  f o r  Space S t u d i e s  
B. Turner - Nat iona l  Radio Astronomy Observatory 
J .  Waters - Jet  Propuls ion  Laboratory 
M. Werner - C a l i f o r n i a  I n s t i t u t e  o f  Technology 

These twelve members have d i v e r s e  interests which span t h e  f i e lds  o f  
star fo rma t ion ,  molecular  a s t rophys ic s ,  phys i c s ,  g a l a c t i c  and e x t r a -  
galactic r a d i o  phys ic s ,  p l a n e t a r y  astronomy, and r a d i o  eng inee r ing .  
I n  a d d i t i o n  t o  t h e  working group members, B. Gary, M. J anssen ,  M.  K l e i n ,  
and E. Olsen ,  a l l  from the  Jet Propuls ion Labora tory ,  a l s o  a t t e n d e d  
meet ings and supported t h e  s tudy .  

The primary f u n c t i o n s  of t h e  working group were: 

a. To develop t h e  sc i ence  r a t i o n a l e  f o r  a shu t t l e - l aunched  

b. t o  d e f i n e  a nominal t e l e scope  c o n f i g u r a t i o n  and t y p i c a l  
s u b m i l l i m e t e r  t e l e scope ,  and 

set of r e c e i v e r s  f o r  var ious  types  of  exper iments  as a 
g u i d e l i n e  f o r  f u t u r e  s tud ie s .  

The working group was asked t o  p rovide  a w r i t t e n  r e p o r t  o f  i t s  
f i n d i n g s  t o  NASA by t h e  end of  ca lendar  yea r  1977. To f u l f i l l  t h e  
above g o a l s  t h e  working group h e l d  t h e  fo l lowing  meet ings du r ing  which 
the c o n t e n t s  of t h e  r e p o r t  were developed. 

May 12-13, 1977 
J u l y  27-28, 1977 

Oct. 5-6, 1977 

S h u t t l e  O r i e n t a t i o n  and Organ iza t ion  
Sc ience  Ob jec t ives  Discuss ion  and 

Discuss ion  of  F i n a l  Report 
Report O u t l i n e  
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SECTION I 

INTRODUCTION 

The s u b m i l l i m e t e r  and far  infrared* reg ion  o f  t h e  e l ec t romagne t i c  
spectrum i n c l u d e  more t h a n  10 v i r t u a l l y  unexplored wavelengths t h a t  
are r i c h  i n  as t ronomica l  information.  Earth-based o b s e r v a t i o n s  a t  
t h e s e  wavelengths have been severe ly  res t r ic ted by atmospheric  absorb-  
t i o n ,  which v a r i e s  radical ly  with wavelength and weather c o n d i t i o n s  
(Appendix A ) .  
i n g  t h i s  spectral reg ion  from t h e  ground wi th in  t h e  s p e c t r a l  windows 
where t h e  atmosphere is  not  completely opaque and from ba l loons  and 
a i rc raf t  us ing  small (-1 m a p e r t u r e )  t e l e s c o p e s .  
i n g  r e s e a r c h  e f f o r t s ,  as t ronomers  have l e a r n e d  t h a t  t h e  submi l l ime te r  
s p e c t r a l  r eg ion  o f f e r s  a new perspec t ive  of t h e  un ive r se  w i t h  new i n f o r -  
mation t h a t  can next  answer many of t h e  fundamental  q u e s t i o n s  of astronomy 
and cosmology. What was t h e  na tu re  o f  t h e  un ive r se  i n  t h e  very ear ly  
s t a g e s  o f  e v o l u t i o n  o f  t h e  primeval f i reba l l?  
and c l u s t e r s  of g a l a x i e s  form? How do stars and p l a n e t a r y  systems 
form? What i s  t h e  o r i g i n  and t h e  na tu re  of  comets and what i n fo rma t ion  
do t h e y  hold r ega rd ing  t h e  formation o f  p l a n e t a r y  systems? What is 
t h e  d i s t r i b u t i o n  and abundance o f  those chemical e lements  t h a t  are 
p r e r e q u i s i t e s  f o r  l i f e ?  

Never the l e s s ,  a l a rge  amount o f  work has  been done explor -  

Based on these p ioneer -  

How and when d i d  g a l a x i e s  

From t h e  few measurements which have been p o s s i b l e  working through 
t h e  millimeter and submi l l imeter  windows, as t ronomers  i n  t he  l a s t  decade 
have been able t o  sample t h e  i n t e r i o r s  o f  h i g h l y  obscured d u s t  r e g i o n s  
nea r  t h e  c e n t e r  of our  ga laxy ,  HI1 r eg ions ,  dense dark c louds  and suspec t -  
ed p r o t o s t a r s .  Estimates of  d e n s i t i e s ,  temperatures, abundance r a t i o s ,  
k inemat i c s ,  and g r a i n  p r o p e r t i e s  have been made p o s s i b l e  f o r  t he  first 
time. Astronomers have l ea rned  t h a t  a number o f  e x t r a g a l a c t i c  o b j e c t s  
emit most of t h e i r  energy i n  the  far i n f r a r e d  s p e c t r a l  range .  They 
have made p re l imina ry  and sugges t ive  measurements of t h e  large-scale 
a n i s o t r o p y  and have placed s t r i n g e n t  l i m i t s  on t h e  small-scale i s o t r o p y  
o f  the  2.7 K background r a d i a t i o n .  

We are now reaching  t h e  l i m i t a t i o n s  imposed by our  a tmosphere,  
no t  i n  t h e  sense  t h a t  we have reached t h e  limits o f  p o s s i b l e  research, 
f o r  there w i l l  always be o p p o r t u n i t i e s  f o r  c l e v e r  i nnova t ions ,  bu t  ra ther  
i n  t h e  sense  t h a t  we can now formulate  q u e s t i o n s  whose answers can 
b e s t  be obta ined  from a space p l a t f o r m .  The NASA Space S h u t t l e ,  schedul-  
ed t o  begin r o u t i n e  ope ra t ion  i n  t h e  ear ly  1980's, w i l l  p rovide  t h e  
first oppor tun i ty  t o  place a l a r g e  submi l l imeter  t e l e s c o p e  i n  Ea r th  
o r b i t .  Opera t ing  i n  t he  space environment,  t h e  e n t i r e  s u b m i l l i m e t e r  
s p e c t r a l  range w i l l  be accessible f o r  t he  first time. Our bel ief  is 
t h a t  a large submi l l imeter  te lescope  i n  Earth o r b i t  w i l l  open up  a whole 
new regime of as t ronomica l  observa t ions  which can on ly  be c a r r i e d  ou t  

*The 40 pm t o  1000 pm spectral  region has  been termed e i ther  t h e  far 
i n f r a r e d  o r  submill imeter wave region r e f l e c t i n g  t h e  d u a l  o p t i c a l /  
microwave character o f  t he  techniques employed. I n  t h i s  document 
t h e  term submi l l imeter  refers t o  the range 100 t o  1000 pm. 

1-1 
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from space. A large submi l l ime te r  space t e l e s c o p e  w i l l  a l s o  c l o s e  t h e  
gap t h a t  exists between the  r a d i o  and t h e  i n f r a r e d  spec t ra l  r e g i o n s .  

T h i s  r e p o r t  shows how an o r b i t i n g  s u b m i l l i m e t e r  space t e l e s c o p e  
can be  developed and how it w i l l  c o n t r i b u t e  t o  a number of impor t an t  
s c i e n t i f i c  q u e s t i o n s  r e l a t i n g  t o  t h e  o r i g i n  and e v o l u t i o n  o f  t h e  u n i v e r s e .  
We recognize t h a t  new o b s e r v a t i o n a l  i n s t r u m e n t s  i n  astronomy i n v a r i a b l y  
y i e l d  s u r p r i s i n g  r e s u l t s  which o f t e n  open up new v i s t a s  and unexpected 
o p p o r t u n i t i e s .  Thus we b e l i e v e  t h a t  any arguments we can advance f o r  
a new f a c i l i t y  can on ly  be c o n s e r v a t i v e :  t he  r e t u r n  could be f a r  g r e a t e r  
t han  w e  can p r e d i c t .  

The o u t l i n e  of t h i s  r e p o r t  is as fo l lows .  I n  S e c t i o n  I1 w e  l ist  Our 
major conc lus ions  and recommendations i n  summary form. I n  S e c t i o n  111, w e  
p r e s e n t  t he  s c i e n t i f i c  mot iva t ion  f o r  an o r b i t i n g  s u b m i l l i m e t e r  t e l e s c o p e .  
The s e c t i o n  beg ins  w i t h  an  i n t r o d u c t i o n  which i d e n t i f i e s  t h e  major research 
areas i n  gene ra l  terms, r e l a t i n g  them t o  an  o v e r a l l  i n v e s t i g a t i o n  i n t o  the  
e v o l u t i o n  of t h e  un ive r se .  Subsequent s e c t i o n s  t reat  each o f  these areas 
i n  greater d e t a i l .  The i n t r o d u c t i o n  t o  S e c t i o n  I11 may be  read as an  
overview of the s e c t i o n ;  t h e  fo l lowing  s u b s e c t i o n s  skipped u n l e s s  greater 
d e t a i l  is desired by the  reader. 

Sec t ion  I V  assesses t h e  c u r r e n t  s ta te  o f  key areas of  technology,  
n o t e s  developments t h a t  may be a n t i c i p a t e d  i n  t h e  n e a r  f u t u r e ,  and 
describes t h e  concept f o r  an  o r b i t i n g  s u b m i l l i m e t e r  t e l e s c o p e  which t h e  
working group feels is adequate  t o  meet t h e  s c i e n t i f i c  o b j e c t i v e s .  

I n  Sec t ion  V we n o t e  how t h e  s c i e n t i f i c  and t e c h n i c a l  expe r i ence  t o  
be  d e r i v e d  from t h i s  in s t rumen t  may lead t o  f u t u r e  o p p o r t u n i t i e s  f o r  more 
s e n s i t i v e  t e l e s c o p e s  and p l a n e t a r y  probes.  

Appendix A d i s c u s s e s  t h e  l i m i t s  t o  ground-based r a d i o  o b s e r v a t i o n s  
imposed by t h e  ear th ' s  atmosphere,  and Appendix B d i s c u s s e s  these and 
the  g r a v i t a t i o n a l  l i m i t s  i n  terms o f  maximum an tenna  g a i n  f o r  ground 
based antennas.  

Appendix C is a r e c e n t  review of s u b m i l l i m e t e r  wave mixer technology.  
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SECTION I1 

SUMMARY OF MAJOR CONCLUSIONS AND RECOMMENDATIONS 

This section contains the principal product of the deliberations 
The working group of the Submillimeter Space Telescope Working Group. 

has sumnarized its deliberations in the form of specific conclusions 
and recommendations after reviewing the scientific and technological 
material. Support for these conclusions is given either in Section 
111, which discusses scientific rationale, or in Section IV, which 
discusses technological capabilities and feasibilities. Cross-references 
to the appropriate subsections are noted in square [I brackets. 

A. CONCLUSIONS 

CONCLUSION 1 : m i m e t e r  SDect ral ReRiOs 

The submillimeter spectral band between wavelengths of 100 pm 
and 1 mm is of key importance for the investigation of a wide range 
of astronomical subjects, including: 

0 Cosmic microwave background [III-Bl. 

0 Emission mechanisms and physical conditions in quasars 
and other extragalactic radio sources [III-C] . 

0 Structure and evolution of galaxies [111-D]. 

0 Composition and evolution of interstellar clouds [III-E]. 

0 Investigation of both early and late stages of stellar 
evolution [III-F,I]. 

0 Composition of comets and planetary atmospheres [III-G,H’l. 

CONCLUSION 2: Rggu irement for Su-er Obser vatorv in SDace 

A large space telescope 10 m in diameter or larger, dedicated 
to astronomical studies in the submillimeter band, is needed for astronomy 
to provide both sufficient collecting area and adequate spatial resolution. 
No instrument with such capability is currently planned, but experience 
gained from constructing ground-based and space antennas indicates 
that such a space telescope is feasible [IV-C,Dl. 

CONCLUSION 3 :  Availabilitv of Receivers 

Submillimeter receiver technology is now experiencing a period 
of very rapid development. Broadband superheterodyne receivers capable 
of making useful astronomical measurements to wavelengths as short as 
0.6 mm are now being constructed. Receivers operating up to 1000 Gtiz 
(0.33 mm) with a sensitivity comparable to current millimeter wavelength 
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r e c e i v e r s  may be a n t i c i p a t e d  wi th in  5 y e a r s .  Bolometers are a v a i l a b l e  
throughout  t h e  e n t i r e  submi l l imeter  spectral  range  [IV-F App. C ] .  

CONCLUSION 4:  Se rend iDi tv  

The band between 100 m and 1 mm i s  a l a r g e l y  unexplored r e g i o n  
of  t h e  e lec t romagnet ic  spectrum. The h i s t o r y  o f  a s t ronomica l  research 
s u g g e s t s  t h a t  obse rva t ions  i n  t h i s  spectral  window have a h igh  p r o b a b i l i t y  
of uncovering p rev ious ly  unsuspected a s t ronomica l  phenomena. 

B. RECOMMENDATIONS 

Recommendation 1 :  Ten-meter Diame t e r  Ambient TemDeratUre TelescoDe 

We recommend t h e  i n i t i a t i o n  o f  des ign  s t u d i e s  o f  a 10-m free- 
f l y i n g  submi l l imeter  t e l e scope  f o r  a s t r o p h y s i c a l  a p p l i c a t i o n s  [ I V - D ] .  

Recommendation 2 :  Continued Pronram o f  Submi l l ime te r  and I n f r a r e d  
Astronomy 

We recommend t h a t  a v igorous  program o f  ground-based and a i r c ra f t  
obse rva t ions  i n  the submi l l imeter  and i n f r a r e d  s p e c t r a l  r e g i o n s  be 
pursued i n  t h e  immediate f u t u r e  i n  o r d e r  t o  b u i l d  t h e  a s t ronomica l  
and in s t rumen ta l  foundat ion r e q u i r e d  t o  ensu re  t h e  most e f f e c t i v e  u t i l i z a t i o n  
of  a submi l l ime te r  space t e l e s c o p e .  

Recommendation 3: Fa r l v  S h u t t l e  Miss ions  

We recommend t h e  use of a small ( -2-4  m )  s h u t t l e  f i x e d ,  submi l l ime te r  
t e l e s c o p e  on ear ly  s h u t t l e  miss ions  f o r  a s t ronomica l  research and f o r  
eng inee r ing  tests of submill imeter space systems.  A small s h u t t l e  
f i x e d  t e l e scope  could a l s o  be used f o r  earth a tmospher ic  r e s e a r c h ,  i n  
which case t h e  program c o s t s  might be shared.  
one conf igu ra t ion  of a s h u t t l e  f ixed  4.2 m diameter submi l l ime te r  t e l e s c o p e  
which could be  used on an  e a r l y  miss ion . )  

(F igu re  2-1 i l l u s t r a t e s  

Recommendat i o n  4 : Rec e i v e r  Devel oDment Pronram 

We recommend t h a t  i nc reased  r e s o u r c e s  be devoted t o  t h e  development 
of low-noise, cohe ren t ,  submi l l imeter  r e c e i v e r s .  Such r e c e i v e r s  w i l l  
have a wide range o f  a p p l i c a t i o n s  i n c l u d i n g  astronomy, ear th  remote 
s e n s i n g ,  s a t e l l i t e  communications, and l a b o r a t o r y  plasma p h y s i c s  [IV-Fl . 
Addi t iona l  development o f  far  i n f r a r e d  i n c o h e r e n t  d e t e c t o r s ,  i n  p a r t i c u l a r  
a r r a y s  f o r  imaging, w i l l  a l s o  enhance t h e  u t i l i z a t i o n  of  space t e l e s c o p e s .  
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SECTION 111 

SCIENTIFIC OBJECTIVES 

A. INTRODUCTION AND SUWARY 

Although astronomers  have cons t ruc t ed  a rather g e n e r a l  overview o f  
t h e  e v o l u t i o n  of t h e  un ive r se ,  c r u c i a l  q u e s t i o n s  bea r ing  on t h e  v a l i d i t y  
o f  p a r t i c u l a r  models remain unanswered. Many q u e s t i o n s ,  whose answers  
probably l i e  i n  t h e  submi l l imeter  and i n f r a r e d  p o r t i o n s  of the  e l e c t r o -  
magnet ic  spectrum, have been formulated.  S ince  t h e  terrestr ia l  atmosphere 
s e v e r e l y  l i m i t s  the ground-based observa t ions  which can be conducted 
between wavelengths  o f  10 m t o  1000 m (Appendix A ) ,  a space  t e l e s c o p e  
is r e q u i r e d  t o  exp lo re  t h i s  s p e c t r a l  r eg ion  s y s t e m a t i c a l l y .  

The d i scove ry  a t  cen t ime te r  wavelengths o f  t h e  u n i v e r s a l  b a c k a r o u  
radiatiPn has y ie lded  probably the s i n g l e  most convinc ing  evidence t h a t  
t h e  u n i v e r s e  has i ts  o r i g i n  i n  a dense h o t  n u c l e a r  g a s ,  and t h a t  t he  
un ive r se  as we observe  it today is the consequence of t h e  expanding and 
c o o l i n g  o f  t h a t  gas. I n  o r d e r  f o r  g a l a x i e s  and c l u s t e r s  of g a l a x i e s  t o  
have condensed g r a v i t a t i o n a l l y ,  t he re  must have been d e n s i t y  inhomogene- 
i t i e s  i n  t h i s  p r imord ia l  f i rebal l .  These inhomogenei t ies  shou ld ,  i n  
t u r n ,  be reflected i n  small scale aniso t ropy  of  the  cosmic background 
r a d i a t i o n .  The degree and angu la r  s c a l e  o f  t h i s  i s o t r o p y  have e luded  
measurement, p r i m a r i l y  because of the i n s t a b i l i t y  of t he  atmosphere 
through which t h e s e  measurements a r e  made. I n  t h e  early 1980'9, t h e  
Cosmic Background Explorer  using small horn an tennas  w i l l  survey the  
sky f o r  a n i s o t r o p y  on an angu la r  s c a l e  of -10' o r  larger, but  a larger 
ins t rumen t  is needed t o  measure t h e  smaller s t r u c t u r e ,  which is impor tan t  
t o  the unders tanding  of ga laxy  formation. 

The d i scove ry  of m, whose large r e d s h i f t s  sugges t  t h a t  
they  are l o c a t e d  a t  remote e x t r a g a l a c t i c  d i s t a n c e s ,  led t o  the s u s p i c i o n  
t h a t  t h e s e  o b j e c t s  r e p r e s e n t  some phenomenon i n  t h e  e a r l y  e v o l u t i o n a r y  
s t a g e s  o f  g a l a x i e s .  It is  gene ra l ly  be l i eved  t h a t  these o b j e c t s  emit 
p r i m a r i l y  by non-thermal r a d i a t i o n ,  but  t h e  de ta i l s  o f  the  emiss ions ,  the  
p h y s i c a l  c o n d i t i o n s  which g i v e  r ise t o  them, and t h e  subsequent  e v o l u t i o n  
of these sources  are st i l l  unknown. The shape of the  s p e c t r a  a t  r a d i o  
wavelengths  and i n  t h e  v i s u a l  and near i n f r a r e d  i n d i c a t e  t h a t  a s u b c l a s s  
emits very  s t r o n g l y  i n  t h e  i n f r a r e d ;  bu t  even the  largest t e l e s c o p e s ,  when 
looking  through windows i n  the atmosphere, do no t  have enough s e n s i t i v i t y  
i n  the far i n f r a r e d  t o  measure more than t h e  s t r o n g e s t  sources .  The 
l i n k ,  i f  any, between v a r i a b i l i t y  i n  the  v i s u a l  and r a d i o  is a l s o  mis s ing  
because of t h e  large s p e c t r a l  range between them t h a t  is obscured by t h e  
atmosphere.  Submi l l imeter  obse rva t ions ,  i n c l u d i n g  measurements o f  po lar -  
i z a t i o n  and v a r i a b i l i t y ;  w i l l  enable  as t ronomers  t o  have a more complete 
p i c t u r e  o f  these sources .  

With t h e  development of aperture s y n t h e s i s  r a d i o  t e l e s c o p e  a r r a y s ,  
as t ronomers  achieved t h e  s e n s i t i v i t y  and angu la r  r e s o l u t i o n  t o  s t u d y  t h e  
s t r u c t u r e  of Bearbv gala x i e g  a t  rad io  wavelengths.  The p o s i t i o n s  o f  t h e  
c louds  of n e u t r a l  hydrogen, and of synchrotron emiss ion  r e l a t i v e  t o  t h e  
d u s t  c louds  and stars have supported the  s p i r a l  d e n s i t y  wave theo ry  
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and i ts  r o l e  i n  s t a r  format ion .  I n  o r d e r  t o  f o l l o w  t h e  subsequent  
e v o l u t i o n  o f  these c louds ,  it w i l l  be  necessa ry  t o  observe  a number 
of s p e c t r a l  l i nes ,  such as those  of n e u t r a l  carbon.  High a n g u l a r  r e s o l u t i o n  
on t h e  order  of 10 a r c  seconds,  which can be achieved  a t  h igh  f r e q u e n c i e s ,  
is an important  asset i n  such  s t u d i e s .  

Our understanding of  these p rocesses  on a galact ic  s c a l e  i n  t u r n  
h inges  on what we know of t h e  p rocesses  wi th in  b d i v i d u a l  c l o u d s  . Access 
t o  many important  spectral  l i n e s  w i l l  enab le  as t ronomers  t o  focus  more 
c lear ly  on a v a r i e t y  of phenomena. The l i n e s  of  n e u t r a l  carbon a t  491 and 
812 GHz may s e r v e  t o  d e l i n e a t e  t h e  boundar ies  o f  major c louds .  The ground 
s ta te  t r a n s i t i o n s  of water (557 GHz) and ammonia (573 GHz) w i l l  i d e n t i f y  
r e g i o n s  of h i g h  d e n s i t y  (shock f r o n t s ,  p r o t o s t a r s )  and t h o s e  e x c i t e d  by 
i n f r a r e d  sources .  It w i l l  be p o s s i b l e  t o  search f o r  new molecules  such as 
H C 1  (626 GHz), NH (975 GHz), NH+ (391 GHz), OH+ (-900 GHz), SiH+ (453 G H z ) ,  
and t h u s  come t o  a clearer unders tanding  of  t h e  mechanisms by which i n t e r -  

molecules  a l r eady  observed a t  millimeter wavelengths w i l l  advance our  
understanding of t h e  e x c i t a t i o n  mechanism, and t h u s  such p h y s i c a l  c o n d i t i o n s  
as molecular d e n s i t y ,  k i n e t i c  temperature, and i n f r a r e d  f l u x  on an  
a n g u l a r  s c a l e  of t e n s  of arc seconds.  A space t e l e s c o p e  w i l l  a l s o  provide  
g r e a t l y  increased  s e n s i t i v i t y  and p r e c i s i o n  i n  t h e  de t e rmina t ion  of 
t h e  i n f r a r e d  continuum r a d i a t i o n  from d u s t  w i t h i n  t h e  c louds ,  y i e l d i n g  
informat ion  on t h e  n a t u r e  of dus t  g r a i n s ,  the  gas- to-dust  r a t i o ,  and 
t h e  scale o f  clumping. 

/ - . . .  . _ .  - . .  . . - -  [ S I . '  

An o r b i t i n g  t e l e scope  would be an impor tan t  t o o l  i n  t h e  i n v e s t i g a t i o n  
of  many s t a g e s  o f  s te l la r  e v m t i o n .  Observa t ions  o f  a wide  v a r i e t y  of  
molecules  i n  many s p e c t r a l  l i n e s  and w i t h  h igh  angu la r  r e s o l u t i o n  w i l l  
make i t  poss ib l e  t o  i n v e s t i g a t e  t h e  p h y s i c a l  c o n d i t i o n s ,  chemis t ry ,  and 
k inemat i c s  of t he  high d e n s i t y ,  h i g h  tempera ture  c o r e s  of  c louds  ( such  
as t h e  Kleinmann-Low nebula  i n  Or ion)  t h a t  are suspec ted  t o  be si tes of 
star format ion .  Radio continuum s t u d i e s  of  t h e  submi l l ime te r  spectrum 
o f  pre-main sequence mass-loss stars ( e . g . ,  T Tau, P Cyg, Lk H a  101, 
MWC 349) y i e l d  informat ion  about t he  c o n d i t i o n s  i n  t he  d e n s e s t  parts 
of  t h e i r  ionized envelopes.  Molecular  l i n e  s t u d i e s  i n t o  t h e  composi t ion 
of envelopes of la te  spectral-type stars undergoing mass- loss  ( such  as 
IRC+10216 and CIT6) bears on t h e  format ion  o f  p l a n e t a r y  nebulae  and t h e  
r e t u r n  of material t o  t he  i n t e r s t e l l a r  medium. The molecular  e x c i t a t i o n  
and composition of envelopes of red  g i a n t s  showing maser emiss ion  i n  
O H ,  H 2 0 ,  and Si0 can be i n v e s t i g a t e d  us ing  submi l l ime te r  s p e c t r a l  l i n e s .  
The submi l l imeter  r a d i o  cont inua  o f  pos t - red-g ian t  mass-loss stars of 
e a r l y  s p e c t r a l  type  (such as V 1016 Cyg),  which are p o s s i b l y  t h e  immediate 
predecessors  of  p l a n e t a r y  nebulae ,  need t o  be examined f o r  turn-over .  
Study of  t h e  e x c i t a t i o n  of molecules  i n  t he  o u t e r  envelopes of p l a n e t a r y  
nebulae  (e .g . ,  NGC 7027) can be conducted us ing  s u b m i l l i m e t e r  s p e c t r a l  
l i n e s  which connect the h i g h e r  r o t a t i o n a l  energy l e v e l s .  

The formation o f  stars is ,  o f  c o u r s e ,  l i n k e d  w i t h  t h e  o r i g i n  o f  our  
s o l a r  system. The composition of  comets ,  which may be remnants of the  p r i -  
mordia l  s o l a r  nebula ,  can be e f f e c t i v e l y  s t u d i e d  by means o f  t h e  s u b m i l l i -  
meter s p e c t r a l  l i n e s  of t h e  gases sur rounding  the  nuc leus .  The atmospheres  
of  t h e  "gas g i a n t "  plane&, which can a l s o  be s t u d i e d  i n  a unique way by 
submi l l imeter  spectral l i n e s ,  r e p r e s e n t  ano the r  view of t h e  composi t ion of 
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the  p r i m o r d i a l  nebula .  Similar techniques can a l s o  be a p p l i e d  t o  t h e  
s t u d y  o f  t h e  atmosphere on Venus, y i e l d i n g  i n f o r m a t i o n  on its composi t ion,  
s t r u c t u r e ,  weather and climate. 

The t o p i c s  which have been b r i e f l y  p r e s e n t e d  i n  t h i s  summary repre- 
s e n t  d i f f e r e n t  phases  i n  t h e  physical  e v o l u t i o n  o f  t he  u n i v e r s e .  Accord- 
i n g l y ,  we have s t r u c t u r e d  t h i s  chapter on a n  e v o l u t i o n a r y  sequence,  t a k i n g  
n o t e  of t h e  c o n t r i b u t i o n s  that  can be made t o  ou r  unde r s t and ing  of t he  
v a r i o u s  e v o l u t i o n a r y  stages by means of a s u b m i l l i m e t e r  space t e l e s c o p e .  
We have endeavored t o  no te  t h e  technical r equ i r emen t s  - an tenna  s i z e ,  re- 
c e i v e r  s e n s i t i v i t y ,  bandwidth, s p e c t r a l  r e s o l u t i o n  - f o r  t h e  i n v e s t i g a t i o n  
o f  s u b j e c t s  we have i d e n t i f i e d .  However, ou r  s e l e c t i o n  o f  problems has 
been tempered by ou r  assessment o f  what is t e c h n i c a l l y  feasible  w i t h  
i n s t r u m e n t a t i o n  t h a t  has been demonstrated o r  seems feasible i n  t h e  n e a r  
f u t u r e .  An assessment  o f  t h e  technology is p resen ted  i n  Chapter  I V .  

B. THE COSMIC BACKGROUND 

It is g e n e r a l l y  accepted t h a t  some 10 t o  20 b i l l i o n  y e a r s  ago, t h e  
u n i v e r s e  was a compressed n u c l e a r  f l u i d  ( t h e  pr imeval  f i r e b a l l )  undergoing 
an  e x p l o s i v e - l i k e  expansion. The remnants o f  t h e  e x p l o s i o n  are st i l l  seen  
today i n  t h e  Hubble expansion. According t o  c u r r e n t  ideas,  massive e x t r a -  
galact ic  systems such as  galaxies and c l u s t e r s  o f  g a l a x i e s  formed as a 
r e s u l t  of small f l u c t u a t i o n s  i n  dens i ty  which were p r e s e n t  i n  t h e  e a r l y  
stages o f  expansion o f  t h e  un ive r se .  Presumably these d e n s i t y  f l u c t u a t i o n s  
are st i l l  manifested i n  the  angu la r  d i s t r i b u t i o n  o f  t h e  background radia- 
t i o n .  A space t e l e s c o p e  can easily measure small scale a n i s o t r o p y  and there- 
by s t u d y  ga laxy  formation.  Galaxy formation is  o f  fundamental  importance 
and is  n o t  y e t  understood.  

An o b s e r v a t i o n a l  t es t  o f  t h e  main ideas o f  ga l axy  fo rma t ion  can be 
provided by measurements of t he  r e s i d u a l  small-scale f l u c t u a t i o n s  i n  t h e  
microwave background. Peebles and Yu (19701, Sunyaev and Ze l ' dov ich  (1970) ,  
S i l k  and A m e s  (19721, S i l k  (1974) and o t h e r s  have i n v e s t i g a t e d  t h e  e v o l u t i o n  
of f l u c t u a t i o n s  i n  t h e  primeval plasma i n  the  ho t  Big Bang cosmology w i t h  
t h e  hope o f  accoun t ing  f o r  t h e  development o f  g a l a x i e s  and c l u s t e r s  of 
g a l a x i e s .  F igu re  3-1 shows the  an i so t ropy  p r e d i c t e d  by S i l k  f o r  a t y p i c a l  
model un ive r se .  The f i g u r e  i l l u s t r a t e s  t h e  s t r o n g  dependence o f  t h e  an i so -  
t r o p y  on a n g u l a r  scale and t h e  high p r e c i s i o n  which is r e q u i r e d  t o  detect 
t h e  f l u c t u a t i o n s .  
and Sat0 ( C G S )  (19731, Conklin and Bracewell ( C B )  (19671, and P a r y s k i i  (Pa  and 
p b )  (1967)  shown on t h e  f i g u r e  do not have t h e  r e q u i r e d  p r e c i s i o n  t o  confirm 
t h i s  t heo ry  a l though  t h e  measurements a l r e a d y  r u l e  o u t  c e r t a i n  other models. 

The e x i s t i n g  measurements o f  Pigg (19761, C a r p e n t e r ,  G u l k i s ,  

I n  o r d e r  t o  make a s i g n i f i c a n t  improvement i n  t h e  s e n s i t i v i t y ,  meas- 
urements must be made from space. F l u c t u a t i o n s  i n  the atmospheric  t r a n s -  
parency w i l l  probably l i m i t  t he  s e n s i t i v i t y  o f  millimeter and s u b m i l l i m e t e r  
ground-based measurements t o  about 0.5 x K o r  AT/T z 2  x f o r  
scales  of t h e  o r d e r  of 1 arc minute. A r e l a t i v e l y  s o p h i s t i c a t e d  bu t  tech-  
n o l o g i c a l l y  feasible  Josephson junc t ion  r e c e i v e r  o r  maser r e c e i v e r  w i t h  

k i E t e .  
c a p a b i l i t y  t o  examine a wide v a r i e t y  o f  models. The l i n e  marked "OST" 

-100 K and a bandwidth of 1 GHz would ach ieve  t h i s  l i m i t  i n  a b o u t  one 
A t e l e s c o p e  o f  -10 m diameter w i l l  p rov ide  a s u f f i c i e n t  r e s o l u t i o n  
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i n  F i g u r e  3-1 shows t h e  l i m i t s  which could be achieved by an  o r b i t i n g  
submi l l ime te r  t e l e s c o p e  i n  an  hour long i n t e g r a t i o n  time. Thus w e  b e l i e v e  
t h a t  a submil l imeter  t e l e s c o p e  i n  space w i l l  be an impor t an t  t o o l  f o r  
t h e  i n v e s t i g a t i o n  o f  t h e  small-scale s t r u c t u r e  o f  t h e  cosmic background. 
These measurements w i l l  not  be provided by t h e  Cosmic Background Exp lo re r  
S a t e l l i t e  (scheduled f o r  launch i n  1983) which su rveys  t h e  sky on an  
a n g u l a r  s c a l e  of 10'. 

1 I I 1 1 1 1 1 ~  I I I 1 I I l l 1  I I I I I [  I l l  

4 

Figure  3-1. Cosmic Background Anisotropy P r e d i c t e d  by S i l k  (1974) 
f o r  a Typ ica l  Model Universe  
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C.  EXTRAGALACTIC RADIO SOURCES 

While i t  is  g e n e r a l l y  accepted t h a t  q u a s a r s ,  the  n u c l e i  o f  r a d i o  
galaxies, BL Lacertae o b j e c t s ,  Seyfer t  g a l a x i e s ,  e tc .  emit large amounts 
of  r a d i o  r a d i a t i o n  by t h e  synchrotron mechanism, t h e  de ta i l s  o f  t h i s  
mechanism, t he  phys ica l  cond i t ions  which give rise t o  i t ,  and t h e  temporal  
v a r i a t i o n s  and evo lu t ion  o f  such o b j e c t s  are n o t  unders tood .  The discov-  
e r y  by Pacholczyk and Wisniewski (19671, Kleinmann and Low (1970a; 1970b) 
and Rieke and Low (1972; 1975) tha t  many of the  e x t r a g a l a c t i c  o b j e c t s  a r e  
s tong  emitters a t  2-25 pm and t h a t  i n  some c a s e s  t h e  i n f r a r e d  emiss ion  
dominates t h e  t o t a l  luminos i ty  h a s  given great impetus  t o  e f f o r t s  t o  
c l o s e  t h e  gap between t h e  millimeter and i n f r a r e d  spectral  domains. 

Of t h e  n e a r l y  one hundred e x t r a g a l a c t i c  s o u r c e s  which have been 
measured a t  10 p, about two dozen have now been detected i n  the range  
40 - 1100 pm. 
similar t o  our own, S e y f e r t  g a l a x i e s  and radio g a l a x i e s ,  and s e v e r a l  
quasi-stellar and BL Lacerta- type o b j e c t s .  The s t u d i e s  carried ou t  
so far i n  t h i s  spectral band have y ie lded  impor tan t  r e s u l t s  concern ing  
t h e  n a t u r e  o f  t h e  b r i g h t e s t  e x t r a g a l a c t i c  r a d i o  sou rces .  For example, 
luminous g a l a x i e s  such a s  NGC 1068, NGC 253, and M 82 e x h i b i t  peaks 
i n  t h e  f a r  i n f r a r e d  near  100 um (F ig .  3-21, and t h e  s p e c t r a  have been 

The sou rces  d e t e c t e d  i n  t h i s  spectral  band i n c l u d e  g a l a x i e s  

WAVELENGTH 

3cm I cm 3M1 1 mrn 30011 1CQP 3011 I OP 311 IP 0.3~ 
1 I 1 I I I I I I I 

T Y \  

T 

T 

LOG Y (Hr) 

Figure  3-2. The  Spectrum of the  E x t r a g a l a c t i c  Source NGC1068. 
Or ig ina l  f i g u r e  i s  from Te lesco ,  Harper, and S t e i n  
(1976) .  
from Hildebrand et a l .  (1977) have been added. 

Addit ional  p o i n t s  a t  390 p m  and 540 pm 
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extended f a r  enough i n t o  t h e  submi l l ime te r  domain t o  allow a d e f i n i t i v e  
c o n c l u s i o n  t o  be reached as  t o  t h e  s o u r c e  o f  emis s ion  (Hildebrand &a 
1977; Elias & &L 1978).  In  these  o b j e c t s  t h e  s t e e p n e s s  o f  t h e  spectrum 
a t  sub-mil l imeter  wavelengths i n d i c a t e s  t h a t  t h e  f a r  i n f r a r e d  peak 
i s  t h e  result of r e - r a d i a t i o n  by o p t i c a l l y  t h i n  d u s t ,  ra ther  than  t h e  
s i g n a t u r e  o f  a self-absorbed non-thermal sou rce .  The h i g h  s p a t i a l  
r e s o l u t i o n  a t  submi l l ime te r  wavelengths o f  t h e  o r b i t i n g  10 m r e f l e c t o r  
cons ide red  i n  t h i s  s t u d y  w i l l  permi t  measurements o f  t h e  s i z e s  o f  these 
t h e r m a l l y  e m i t t i n g  s o u r c e s ,  which w i l l  be  ex t r eme ly  u s e f u l  i n  d e t e r m i n a t i o n  
of t h e  dus t  d e n s i t i e s  and a n a l y s i s  o f  t h e  mechanisms which hea t  t h e  
d u s t .  Add i t iona l ly ,  t h e  high s e n s i t i v i t y  o f  such a t e l e s c o p e  (see 
T a b l e  4-31 f o r  both molecular  l i n e  and thermal continuum o b s e r v a t i o n s  
w i l l  permit a s t u d y  o f  t h e  appa ren t  c o r r e l a t i o n  between thermal i n f r a r e d  
emis s ion  and molecular  emission which appears t o  be emerging from t h e  
early s t u d i e s  of t h e  n u c l e i  of g a l a x i e s  (c f .  111-C-2). 

A second class o f  e x t r a g a l a c t i c  o b j e c t s ,  which i n c l u d e s  BL Lacerta 
and t h e  QSOs 3C273 and 3C279, as well a s  s e v e r a l  r a d i o  g a l a x i e s ,  shows 
submi l l ime te r  spectra s u g g e s t i v e  o f  non-thermal emission;  t h e  s u b m i l l i m e t e r  
f l u x  i n  these sou rces  does no t  appear  t o  be s i g n i f i c a n t l y  above t h a t  
expec ted  from a smooth e x t r a p o l a t i o n  o f  t h e  non-thermal spectra observed 
a t  radio wavelengths ( F i g .  3-3). The 100-fold i n c r e a s e  i n  s e n s i t i v i t y  
a t t a i n a b l e  w i t h  the  o r b i t i n g  10-m telescope w i l l  p e r m i t  a n  e x t e n s i o n  
of these obse rva t ions  t o  shorter wavelengths ,  as w e l l  as a v a s t  i n c r e a s e  
i n  t h e  number .of o b j e c t s  which can be s t u d i e d  i n  t h i s  spectral  band. 
Observat ions at the  h igher  f r e q u e n c i e s  sample t h e  synchro t ron  r a d i a t i o n  
from e l e c t r o n s  o f  h igher  energy,  which have s h o r t e r  l ifetimes i n  a 
f i x e d  magnetic f i e l d ;  t h u s  e x t e n s i o n  o f  these energy d i s t r i b u t i o n s  
i n t o  t h e  submil l imeter  w i l l  p rov ide  e v e r  t i g h t e r  c o n s t r a i n t s  upon t h e  
models a n d  r a d i a t i o n  mechanisms f o r  these s o u r c e s .  I n  the case o f  
s o u r c e s  w i t h  extended r a d i o  l o b e s ,  such as Cygnus A f o r  example, it 
is i n  the  submi l l ime te r  domain where t h e  e l e c t r o n  r a d i a t i o n  l ifetimes 
become less than  t h e  time for a r e l a t i v i s t i c a l l y  moving e l e c t r o n  t o  c r o s s  
t h e  radio lobes.  Thus i n v e s t i g a t i o n  of these extended s o u r c e s  a t  s u b m i l l i m e t e r  
wavelengths w i l l  h e l p  t o  d i s c r i m i n a t e  between i n j e c t i o n  and Al- 
a c c e l e r a t i o n  models f o r  t h e  replenishment  o f  the  r e l a t i v i s t i c  par t ic les .  

D.  THE STRUCTURE OF GALAXIES 

The s p i r a l  s t r u c t u r e  of g a l a x i e s  has been s t u d i e d  by means of t h e  
d i s t r i b u t i o n  of young stars, H I 1  r e g i o n s ,  and d u s t  complexes. I n  r e c e n t  
years, a p e r t u r e  s y n t h e s i s  r a d i o  astronomy has added maps i n  t h e  r a d i o  
continuum, and i n  t he  21 cm l i n e  o f  hydrogen, w i t h  s u f f i c i e n t  a n g u l a r  
r e s o l u t i o n  t o  make meaningful comparisons w i t h  o p t i c a l  data.  Within t h e  
las t  2 y e a r s ,  t h e  first e x t r a g a l a c t i c  molecu la r  l i n e  s t u d i e s  have been 
conducted,  a l though  these s t i l l  s u f f e r  from r e l a t i v e l y  low a n g u l a r  
r e s o l u t i o n .  Access t o  s u b m i l l i m e t e r  wavelengths  w i t h  a large t e l e s c o p e  
w i l l  g r e a t l y  enhance t h e  a n g u l a r  r e s o l u t i o n  w i t h  which molecu la r  s t u d i e s  
can be conducted. Key s u b m i l l i m e t e r  l i n e s ,  such as  t h e  l i n e s  o f  n e u t r a l  
ca rbon ,  w i l l  provide unique views o f  t h e  c l o u d s  i n  e x t e r n a l  g a l a x i e s .  
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F i g u r e  3-3. Spectra o f  non-thermal e x t r a g a l a c t i c  s o u r c e s  w i t h  
s u b s t a n t i a l  millimeter and submi l l ime te r  f l u x e s .  

1 .  The L ines  o f  N e u t r a l  Carbon 

The t r a n s i t i o n  from i o n i z e d  carbon t o  carbon monoxide r e p r e s e n t s  a 
c r i t i c a l  stage i n  t h e  chemical e v o l u t i o n  o f  c l o u d s ,  and consequen t ly  h a s  
great impact on our  unde r s t and ing  of galactic s t r u c t u r e .  N e u t r a l  a tomic 
carbon ( C I )  might be a very e f f i c i e n t  c o o l a n t  o f  t h o s e  i n t e r s t e l l a r  c louds  
having s u f f i c i e n t  o p a c i t y  t o  t h e  h < 1100 1 r a d i a t i o n  which pho to - ion izes  
C I .  Consequent ly ,  it may p e r m i t  such c l o u d s  t o  c o o l  and c o l l a p s e  t o  densi-  
t i e s  a t  which CO forms. It is p r e c i s e l y  t h i s  s e n s i t i v i t y  of C I  t o  t h e  
o p a c i t y  and e v o l u t i o n a r y  s ta te  of interstellar c l o u d s  t h a t  makes a deter- 
mina t ion  o f  i t s  abundance, t aken  i n  c o n c e r t  w i t h  t hose  of C+ and C O ,  
c r u c i a l  t o  ou r  understanding o f  t h e  thermal, chemical and dynamical 
development of i n t e r s t e l l a r  c louds .  

C I  may be an  e f f i c i e n t  coolant  i n  low-temperature n e u t r a l  c l o u d s  
because its ground-state  is s p l i t  i n t o  three low-lying f i n e - s t r u c t u r e  
l e v e l s  (Tab le  3-1). Two magnetic-dipole t r a n s i t i o n s  are p e r m i t t e d  
among these l e v e l s  ( T a b l e  3-21. 
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Table 3-1. Fine S t r u c t u r e  Leve l s  of N e u t r a l  Carbon 

Designation 
E x c i t a t i o n  

(cm-1) 
Energy 

(K 1 

2p2 3P0 

2p2 3Pl 

2p2 3p2 

0 

16.4 

43.5 

0 

23.4 

62.6 

Table 3-2. T r a n s i t i o n s  Between 2p' F i n e  S t r u c t u r e  Leve l s  
o f  N e u t r a l  Carbon 

T r a n s i t i o n  bJ) A ( p )  v (GHz 1 

610 

36 9 

49 1 

812 

The i o n i z a t i o n  state o f  i n t e r s t e l l a r  carbon was first t reated 
by Werner (1970) .  Later t h e  conversion o f  C t o  CO i n  e q u i l i b r i u m  dense 
c l o u d s  was added by Glassgold and Langer (1975) and f i n a l l y  t h e  time- 
dependent abundance of C I  i n  n e u t r a l  c l o u d s  was computed by Oppenheimer 
and Dalgarno (1975).  Although, as these works p o i n t  o u t ,  t h e  C I  abundance 
may show wide v a r i a t i o n s ,  we may n e v e r t h e l e s s  make a c r u d e l y  re l iab le  
estimate by n o t i n g  t h a t  n e u t r a l  carbon may be expected i n  c l o u d s  having 
TUV ( A  = 1100A) 2 1 .  Using t h e  OAO/Copernicus r e s u l t  t h a t  TUV N 2.5 A v ,  
we e x p e c t  t o  f i n d  C I  i n  a l l  c louds  f o r  which t h e  t o t a l  v i s u a l  e x t i n c t i o n ,  
A V  is 2 1 /2  magnitudes o r  a l t e r n a t e l y  i n  t h e  o u t e r  A V  - 1-2 r e g i o n s  o f  
more opaque c l o u d s .  Such c louds  are ve ry  numerous i n  ou r  g a l a x y ,  o r  
e x t e r n a l  g a l a x i e s .  

The o p t i c a l  d e p t h  o f  the  491 GHz l i n e  may be computed i n  t he  
manner descr ibed by Penston ( 1970 ) : 

~ ( 4 9 1  GHz) 2 3 x N 6  

where N i s  t h e  t o t a l  gas column d e n s i t y  and 6 is t h e  f r a c t i o n a l  d e p l e t i o n  
o f  gaseous carbon ( =  abundance of carbon i n  t h e  g a s  p h a s e / t o t a l  cosmic 
carbon abundance). Using the  r e s u l t  from 21 cm o b s e r v a t i o n s  t h a t  
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21 14 % 1.7 x 10 A V  

we f i n d  T (495 G H z )  56. Recent observa t ions  suggest t h a t  
i i 5 G  < 6 < i i 5  ( w i t h  1/5 being more character is t ic  of tenuous c i o u a s ,  
i . e . ,  n < 103 cm3). Thus, we expect 

0.1 < T (491 GHz) < 1 

For  extended c louds  of  t h e  type  giving r ise  t o  21-cm emiss ion ,  T - 1 0 0  K ,  
where as f o r  smaller, denser  c louds ,  T - 10 K .  Thus, t h e  b r i g h t n e s s  temp- 
erature of  t h e  l i n e  should t y p i c a l l y  f a l l  i n  t h e  range of 1-100 K .  There- 
f o r e ,  we expec t  t h e  l i n e  t o  be a major tracer of i n t e r s t e l l a r  gas,  comparable 
t o  t h e  21 cm l i n e  of hydrogen, bu t  r e p r e s e n t i n g  p h y s i c a l l y  d i f f e r e n t  
r e g i o n s  as noted above. 

I n  o r d e r  t o  observe t h i s  l i n e ,  i t  is necessary  t o  be above t h e  
t roposphe re .  A t  an a l t i t u d e  of 4 km, w i t h  1.2 mm o f  p r e c i p i t a b l e  
water above t h e  t e l e s c o p e  (corresponding t o  nea r  idea l  c o n d i t i o n s  a t  
Mauna Kea o r  White Mountain),  t h e  o p t i c a l  d e p t h  a long  a 4 5 O  e l e v a t i o n  
p a t h  through the  atmosphere is 2.6 (see Appendix A ) ,  cor responding  t o  
a l o s s  of more than 11 dB. A r e c e i v e r  w i t h  a 6000 K n o i s e  temperature 
would exper ience  an  e f f e c t i v e  system temperature of 85,000 K .  

For s t u d i e s  of our  own galaxy,  it is worth n o t i n g  t h a t  a 30 cm 
t e l e s c o p e  o p e r a t i n g  a t  491 GHz g ives  t h e  same angu la r  r e s o l u t i o n  as 
the  100-m Bonn t e l e s c o p e  a t  1.4 GHz. Thus ,  a smaller submi l l ime te r  
a i r b o r n e  o r  ba l loon  ins t rument  can make u s e f u l  galactic s t u d i e s .  For  
e x t e r n a l  g a l a x i e s ,  however, a much larger ins t rument  is needed. A 
10-m space  t e l e s c o p e  would r e s o l v e  t y p i c a l  i n t e r s t e l l a r  c louds  of  10- 
20 pc diameter a t  t he  d i s t a n c e  of M31. Such a t e l e s c o p e  would t h e r e f o r e  
provide  an  e n t i r e l y  new view of  e x t e r n a l  g a l a x i e s  on a s c a l e  achieved  
on ly  by a p e r t u r e  s y n t h e s i s  ins t ruments  a t  cen t ime te r  wavelengths .  

2. Molecular  Observa t ions  i n  External Ga lax ie s  

The r e c e n t  d e t e c t i o n  of  CO (and H C N )  i n  e x t e r n a l  g a l a x i e s  has 
shown t h a t  c e r t a i n  a s p e c t s  of g a l a c t i c  s t ruc ture  may b e s t  be understood 
by h igh - re so lu t ion  CO s t u d i e s  of these  g a l a x i e s .  The p r e s e n t l y  s t u d i e d  
o b j e c t s  (about  a dozen) are l i m i t e d  by beam d i l u t i o n  t o  d i s t a n c e s  o f - 2 0  
Mpc o r  less.  Furthermore,  they  show extended molecular  sou rces  (2 3') 
t h a t  r e p r e s e n t  t h e  i n t e g r a t e d  emission of  many c louds ,  each i n d i v i d u a l l y  
unreso lved  (<  3") .  CO has  been observed i n  what a p p a r e n t l y  are q u i t e  
d i f f e r e n t  t y p e s  of c louds  i n  t h e  nuclear r e g i o n s ,  on t h e  one hand, and t h e  
s p i r a l  arm r e g i o n s ,  on t h e  o t h e r .  Th i s  conclus ion  is based on s t u d i e s  of 
our  own ga laxy ,  and can be tested by h ighe r  r e s o l u t i o n  o b s e r v a t i o n s  of 
e x t e r n a l  g a l a x i e s .  With p re sen t  r e s o l u t i o n s  one can d i s t i n g u i s h  these 
d i f f e r e n t  r eg ions  f o r  only a few nearby g a l a x i e s ,  and one cannot  r e s o l v e  
t h e  s p i r a l  s t r u c t u r e  adequate ly  t o  test models of t h i s  phenomenon (Fig .3-4) .  

Obse rva t iona l  and t h e o r e t i c a l  s t u d i e s  of  CO i n  our  own ga laxy  i n d i c a t e  
t h a t  emiss ions  from r o t a t i o n a l  l e v e l s  up t o  a t  least  J = 5 o r  so occur  i n  
o p t i c a l l y  t h i c k  l i n e s  w i t h  i n t e n s i t i e s  similar t o  t h a t  of t h e  J = 1-0 
t r a n s i t i o n ,  while  i n  o p t i c a l l y  t h i n  l i n e s  t h e  i n t e n s i t i e s  i n c r e a s e  
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approximately as J2 .  
o p t i c a l l y  t h i c k ,  r e c e n t  o b s e r v a t i o n s  o f  t h e  J = 1-2, and 2-3 t r a n s i t i o n s  
i n  Orion show t h a t  our  e x p e c t a t i o n s  can be e r r o n e o u s . )  The proposed 
10-m t e l e s c o p e  w i l l  have a r e s o l u t i o n  of 13" a t  576.4 GHz, t h e  f requency 
of t h e  J = 5-4 t r a n s i t i o n .  Many problems, p r e s e n t l y  o u t  o f  reach, 
can be s t u d i e d  w i t h  t h i s  r e s o l u t i o n .  Hopefu l ly ,  f u t u r e  ground based 
t e l e s c o p e s  w i l l  provide complementary a n g u l a r  r e s o l u t i o n  a t  lower J ,  
t o  p e r m i t  s tud ie s  of molecular  e x c i t a t i o n  and r a d i a t i v e  t r a n s f e r  on 
t h i s  angular  scale .  

(Although we g e n e r a l l y  expec t  '*CO l i n e s  t o  be 

The density-wave p i c t u r e  o f  ga lac t ic  s p i r a l  arm, fo rma t ion ,  and 
maintenance can be s t u d i e d .  In  one nearby s p i r a l  ga l axy ,  M31, c u r r e n t  
obse rva t ions  s u g g e s t  t h a t  CO emission a r i s e s  a l o n g ,  and p o s s i b l y  on 
t h e  i n n e r  edges o f ,  t h e  s p i r a l  arms. Th i s  p o s s i b i l i t y  can be checked 
and t h e  ques t ion  a p p l i e d  t o  o t h e r ,  more d i s t a n t  g a l a x i e s .  I n  view 
o f  t h e  well-known, p o s s i b l y  i n t r a c t a b l e  problem o f  l o c a t i n g  gas w i t h  
p r e c i s i o n  in  our own ga laxy ,  such h i g h - r e s o l u t i o n  s t u d i e s  o f  CO i n  
e x t e r n a l  g a l a x i e s  may well be one o f  t h e  few ways t o  test t h e  d e n s i t y -  
wave theo ry ,  p a r t i c u l a r l y  t h e  c r i t i c a l  q u e s t i o n  o f  where shocks  (hence 
compression and molecule p roduc t ion )  occur  r e l a t i v e  t o  s p i r a l  arms. 

High r e s o l u t i o n  w i l l  p e r m i t  t h e  s t u d y  of CO i n  o b j e c t s  beyond t h e  
present -20  Mpc l i m i t .  The s t u d y  of many more o b j e c t s  w i l l  t e s t  t h e  
p r e s e n t  t e n t a t i v e  conc lus ion  t h a t  molecular  a c t i v i t y  i n  g a l a x i e s  is  
c o r r e l a t e d  w i t h  i n f r a r e d  a c t i v i t y  and p o s s i b l y  w i t h  t h e  i n t e g r a t e d  
s t r e n g t h  of non-thermal continuum s o u r c e s  (Rickard  & 1977).  I n  
t h e  case of the important  S e y f e r t  g a l a x i e s ,  h i g h e r  r e s o l u t i o n  should 
de t e rmine  whether t h e  CO emission comes from t h e  ve ry  t u r b u l e n t  i n n e r  
r e g i o n s  ( r a d i ~ s - 5 ~ ~ )  characterized by broad o p t i c a l  emission l i n e s ,  
o r  from a more widespread r e g i o n ,  s i n c e  t h e  p r e s e n t  beam-smeared CO 
o b s e r v a t i o n s  are a l s o  c o n s i s t e n t  w i t h  an ave rage  ove r  t h e  narrower 
o p t i c a l  emission l i n e s  t h a t  a r i se  i n  t h e  o u t e r  r e g i o n s .  

Higher r e s o l u t i o n  w i l l  g r e a t l y  f a c i l i t a t e  t h e  s t u d y  o f  r o t a t i o n  
c u r v e s ,  and of t h e  detai led d i s t r i b u t i o n  of  molecules .  Are molecules  
l o c a t e d  i n  r i n g  s t r u c t u r e s ,  as appea r s  t o  be t he  case i n  t h e  i n n e r  p a r t  of 
ou r  own galaxy,  and are these r i n g s  expanding as  a r e s u l t  o f  bygone 
n u c l e a r  a c t i v i t y ?  

The d e t e c t i o n  of t h e  weak 13C0 species, n o t  y e t  accomplished, w i l l  

Because t h e  (i3CO/12C0 ra t io  depends on s t e l l a r  

be f a c i l i t a t  by he h i g h e r  r e s o l u t i o n  and frequency.  The q u e s t i o n  
whether the "CO/ CO r a t io  i s  t h e  sam i n  e x t e r n a l  g a l a x i e s  and i n  o u r  
own ga laxy  is impor t an t .  
p r o c e s s i n g ,  such s t u d i e s  w i l l  impact cosmological  q u e s t i o n s  such as 
whether s t e l l a r  e v o l u t i o n  has pursued similarl$racf3 i n  ve ry  d i s t a n t  
g a l a x i e s .  Another impor t an t  q u e s t i o n  is how CO/ CO v a r i e s  a c r o s s  a 
galaxy.  T h i s  q u e s t i o n ,  not  d i r e c t l y  answered i n  o u r  own g a l a x y ,  bears on 
how t h e  rates a t  which material is  p rocessed  through stars are d i s t r i b u t e d  
w i t h i n  i n d i v i d u a l  g a l a x i e s ,  and how they  va ry  from g a l a x y  t o  galaxy.  Such 
s t u d i e s  c o n s t i t u t e  a powerful t o o l  f o r  t h e  i n v e s t i g a t i o n  of  how galaxies 
form and evolve.  

12 
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3. D u s t  i n  E x t e r n a l  Ga lax ie s  

A 10 m t e l e s c o p e ,  capable  o f  d i f f r a c t i o n - l i m i t e d  o p e r a t i o n  a t  a wave- 
l e n g t h  of 300 pm, would a l s o  o f f e r  a unique view of t h e  d u s t  i n  e x t e r n a l  
g a l a x i e s .  
w i t h i n  t h e  range of c u r r e n t  technology)  andAh/A - 0.1 ,  such a t e l e s c o p e  
would have a 1Ou s e n s i t i v i t y  o f z 0 . l  J y  (Table  3-3). For comparison, 
NGC 253, a dusty galaxy a t  3.4 Mpc d i s t a n c e ,  has  a f l u x  o f  125 J y  a t  
350 pm and 3 J y  a t  1 mm; NGC 1068, a d u s t y  S e y f e r t  galaxy a t  18 Mpc 
d i s t a n c e ,  has a 350 pm f l u x  of 32 J y  and is no t  d e t e c t a b l e  a t  1 mm w i t h  
a c u r r e n t  s e n s i t i v i t y  l i m i t  o f - 1  J y  (see F i g .  3-2). Another way t o  
consider  t h i s  is t h a t ,  a t  a t y p i c a l  d i s t a n c e  of 5 Mpc and assuming a d u s t  
temperature  of 25 K ,  2.8 x 105 M? S i n c e  t h i s  
is much less  than t h e  gaseous c o n t e n t  of a s p i r a l  ga l axy ,  one c o u l d ,  f o r  
example, i n v e s t i g a t e  t h e  gas-to-dust r a t i o  and t h e  d i s t r i b u t i o n  o f  d u s t  
as a funct ion of morphological t ype .  A t  300 pm, the  a n g u l a r  r e s o l u t i o n  
corresponds t o  175 pc a t  a d i s t a n c e  o f  5 Mpc, making it  p o s s i b l e  t o  
map t h e  d i s t r i b u t i o n  of i n d i v i d u a l  major d u s t  c loud complexes of t h e  
s i z e  of Sgr B2. 

Assuming a d e t e c t o r  system s e n s i t i v i t y  of 10-14 W Hz-l12 (well 

o f  d u s t  could be detected.  

E .  THE EVOLUTION OF MOLECULAR CLOUDS 

The v a s t  c louds  of gas and d u s t  w i t h i n  our  galaxy c o n s t i t u t e  one 
o f  t he  most i n t e r e s t i n g  areas of a s t ronomica l  research. These d u s t  
complexes, which were once thought  t o  be empty r e g i o n s ,  are now known 
t o  r ep resen t  a v i t a l  component o f  g a l a x i e s ,  important  i n  de t e rmin ing  
t h e  dynamics, energy t r a n s f e r ,  magnetic f i e l d s ,  and s t a r  fo rma t ion .  
Comprising a s i g n i f i c a n t  f r a c t i o n  o f  t h e  i n t e r s t e l l a r  medium, these 
c louds  a r e  be l i eved  t o  be concen t r a t ed  a l o n g  t h e  l e a d i n g  edge o f  t he  
s p i r a l  arms which sweep up matter as t h e  ga l axy  r o t a t e s .  Some o f  these 
c l o u d s  c o n t a i n  so much d u s t  t h a t  no v i s i b l e  l i g h t  e n t e r s  o r  l e a v e s  
t h e i r  i n t e r i o r  r eg ions :  e x t i n c t i o n s  have been estimated t o  be as h i g h  
as 100 magnitudes ( larger  v a l u e s  are o c c a s i o n a l l y  mentioned) ,  o r  a 
f a c t o r  of 1040. 
wavelengths long enough ( far  i n f r a r e d  o r  l o n g e r )  s o  t h a t  t h e  d u s t  no 
l o n g e r  a t t e n u a t e s  t h e  r a d i a t i o n .  

Thus, t h e  s t u d y  of t h e  i n t e r i o r  o f  these r e g i o n s  r e q u i r e s  

Table 3-3. S e n s i t i v i t y  o f  10-m Telescope f o r  Continuum S t u d i e s  

Wavelength f Field-of-View 1 O u  Flux ( i n  1 h r )  
(pm 1 (GHz) (arc  sec) ( m  J Y )  

300 1000 

1000 300 

~ 

8 

24 

80 

140 
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Since  the e v o l u t i o n  of c louds  proceeds on a time scale of hundreds 
of thousands of  yea r s ,  t h e i r  development can be determined o n l y  by 
n o t i n g  a s y s t e m a t i c  progress ion  of p r o p e r t i e s  from one kind t o  the  
n e x t ,  and i n f e r r i n g  t h e i r  evolu t ionary  r e l a t i o n s h i p ,  suppor ted  by a 
good p h y s i c a l  and chemical understanding o f  these o b j e c t s .  T h i s  t a sk  
has b a r e l y  begun. 

The submi l l ime te r  spectrum is impor tan t  f o r  such s t u d i e s  i n  s e v e r a l  
ways. It p rov ides  aocess  t o  key s p e c t r a l  l i n e s  needed f o r  the  de te rmina t ion  
of abundances and t h e  phys ica l  cond i t ions  i n  t h e  gas. A t  these wavelengths ,  
a t e l e s c o p e  of 10 m diameter would have as much as 10 times the  angu la r  
r e s o l u t i o n  of e x i s t i n g  s ing le -d i sh  t e l e s c o p e s ,  p e r m i t t i n g  as t ronomers  
t o  examine more p r e c i s e l y  such phenomena as clumping, t h e  h e a t i n g  of  
gas nea r  embedded stars, t h e  c o r e s  of dense molecular  c louds ,  and shock 
f r o n t s .  A t  these wavelengths,  it is a l s o  p o s s i b l e  t o  make s imul taneous  
measurements of  the  continuum emission by d u s t ,  so t h a t  it w i l l  be 
possible to  focus  on v a r i a t i o n s  i n  t he  gas-to-dust r a t i o ,  t he  a s s o c i a t i o n  
between i n f r a r e d  emission and molecular e x c i t a t i o n ,  and t h e  d e n s i t y  
and tempera ture  g r a d i e n t s  w i th in  clouds.  

1. Phys ica l  P r o p e r t i e s  of  Clouds 

We are beginning t o  understand t h e  p h y s i c a l  p r o p e r t i e s  of  c louds :  
t empera tu re ,  d e n s i t y ,  s ize ,  and energy sources .  By comparing d i f f e r e n t  
t r a n s i t i o n s  of one molecule ,  o r  t he  same t r a n s i t i o n  of i s o t o p i c a l l y  
s u b s t i t u t e d  species of a molecule ,  we g a i n  in fo rma t ion  about  molecular  
column d e n s i t y ,  gas tempera ture ,  and i s o t o p i c  abundances,  though not  
very p r e c i s e l y  as y e t  because of u n c e r t a i n t i e s  i n  t h e  e x c i t a t i o n  of 
the molecule .  By knowing the  r a d i a t i v e  lifetime of  a t r a n s i t i o n ,  we 
can estimate the  gas number d e n s i t y ,  by r e q u i r i n g  the  c o l l i s i o n a l  e x c i t a t i o n  
rate t o  equa l  o r  exceed the  radiative decay ra te ,  a p rocess  aga in  u n c e r t a i n .  
Neve r the l e s s ,  t h e  comparison of l i n e s  which are e x c i t e d  w i t h  these 
which are n o t ,  p a r t i c u l a r l y  f o r  molecules wi th  s imple  spectra l i k e  
d ia tomic  and l i n e a r  molecules ,  is a good q u a l i t a t i v e  gu ide .  Thus we 
d i f f e r e n t i a t e  between c louds  w i t h  d e n s i t i e s  i n  t h e  range 103 - l o4  cm-3 
and those  w i t h  d e n s i t i e s  of 105 - 106 cm-3. We can a l s o  de te rmine  t h e  
tempera ture  t o  wi th in  a f a c t o r  of about two by us ing  o p t i c a l l y  t h i c k  l i n e s .  

Improving our  understanding of t h e  phys ica l  p r o p e r t i e s  of c louds  
h inges  on our a b i l i t y  t o  determine the  molecular  e x c i t a t i o n  more precisely.  
Basically, t h i s  means t h a t  c a r e f u l l y  calibrated measurements of a reasonable  
f r a c t i o n  o f  t h e  r o t a t i o n a l  t r a n s i t i o n s  of t h e  molecule must  be f i t t e d  t o  
a model which s imul taneous ly  treats t h e  r a d i a t i v e  t r a n s f e r  and s t a t i s t i ca l  
e q u i l i b r i u m  problems. The number of observed spectral  l i n e s  must  a t  
least  e q u a l  t h e  number of parameters t o  be determined,  and hope fu l ly  
should exceed i t .  Even f o r  t he  s i m p l e s t  and most ub iqu i tous  c loud  t r a c e r ,  
CO,  the o b s e r v a t i o n a l  problem appears very d i f f i c u l t  from t h e  ground,  
because only  three l i n e s  can be observed, and t h e  c a l i b r a t i o n  through 
our v a r i a b l e  atmosphere appears  rather u n c e r t a i n .  The s i t u a t i o n  is  
comparable f o r  o t h e r  b a s i c  molecules:  the  J = 1-2 t r a n s i t i o n s  of HCN, 
HCO+, N 2 H +  and HNC are a l l  obscured by a t e l l u r i c  water l i n e .  Thus, i t  
appears t h a t  an accurate determinat ion of gas  c loud  p r o p e r t i e s  from 
r o t a t i o n a l  l i n e  obse rva t ions  w i l l  r equ i r e  a space  t e l e s c o p e .  
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The de te rmina t ion  of p h y s i c a l  p r o p e r t i e s  v i a  t h e  continuum r a d i a t i o n  
would a l s o  b e n e f i t  from a space t e l e s c o p e .  F igu re  3-5 shows t h a t  t h e  
submi l l ime te r  range is very s i g n i f i c a n t  i n  t he  s p e c t r a  of major HII /c loud 
complexes. For  s t u d i e s  of such r e g i o n s  we need both h igh  s p a t i a l  r e s o l u -  
t i o n  and high f r e q u e n c i e s ,  which cannot b o t h  be ob ta ined  from ground- 
based o r  a i r b o r n e  o b s e r v a t o r i e s .  For example, w i t h  the  7" r e s o l u t i o n  
a t  300 pm wavelength i t  would be p o s s i b l e  t o  d e f i n e  t h e  d e n s i t y  g r a d i e n t s  
i n  such clouds as t h e  Orion molecular  c loud .  F igu re  3-6 shows t h e  
inadequacy of p r e s e n t  angu la r  r e s o l u t i o n  a t  s u b m i l l i m e t e r  wavelengths ,  
r e l a t i v e  t o  t h e  wealth o f  d e t a i l  s een  o p t i c a l l y  o r  w i t h  a p e r t u r e  s y n t h e s i s  
a t  6 cm wavelength. In  ano the r  example, i n  a 25 K c loud a t  a d i s t a n c e  
o f  10 kpc,  one could detect a t o t a l  mass (gas and d u s t ,  assuming t h e  
nominal gas-to-dust r a t i o )  o f  50M, w i t  i n  a 1.2 pc r e g i o n  a t  1 mm wavelength,  
corresponding t o  a d e n s i t y  o f  -250 
d e n s i t y  inhomogeneity of c louds ,  and i n  con junc t ion  w i t h  d e t e r m i n a t i o n s  
of t h e  gas c o n t e n t ,  determine t h e  gas-to-dust r a t i o  under a wide v a r i e t y  
of p h y s i c a l  c o n d i t i o n s .  

One could t h u s  s t u d y  t h e  

2 .  I n t e r n a l  Motions o f  Clouds 

One of t h e  great p o t e n t i a l s  o f  molecular  l i n e  o b s e r v a t i o n  i s  
t h e  use  o f  Doppler s h i f t s ,  man i fe s t ed  i n  t h e  shape o f  s p e c t r a l  l i n e s ,  
t o  determine t h e  i n t e r n a l  motions o f  c louds .  How r a p i d l y  t h e  c o n t r a c t i o n  
o f  c l o u d s  proceeds h a s  an  impor t an t  b e a r i n g  on t h e  d e t e r m i n a t i o n  o f  
t h e  e f f i c i e n c y  o f  star fo rma t ion .  
may be r e l a t e d  t o  such phenomena as t h e  energy i n p u t  from embedded 
s ta rs  and cloud-cloud c o l l i s i o n s .  The p r e s e n t l y  a v a i l a b l e  d a t a  do 
no t  appear  t o  g i v e  unambiguous answers.  Because o f  i n s u f f i c i e n t  s p a t i a l  
r e s o l u t i o n ,  the  importance of t u r b u l e n c e  and its effect  on t h e  l i n e  
shape ,  as well as sys t ema t i c  v a r i a t i o n s  o f  l i n e w i d t h  w i t h  p o s i t i o n  
cannot  be adequa te ly  a s s e s s e d .  Also,  because o f  t h e  r e l a t i v e l y  few 
t r a n s i t i o n s  p e r  molecule now a v a i l a b l e ,  t h e  d e t a i l s  o f  t h e  r a d i a t i v e  
t r a n s f e r  and molecular e x c i t a t i o n  cannot  y e t  be p r o p e r l y  e v a l u a t e d .  
Thus,  t h e r e  is need both f o r  h i g h e r  f r e q u e n c i e s  and large t e l e s c o p e  
a p e r t u r e ,  which can on ly  be s imul t aneous ly  s a t i s f i e d  i n  space .  

The amount o f  i n t e r n a l  t u r b u l e n c e  

3. I n t e r s t e l l a r  Chemistry 

The chemistry of c louds  h a s  an impor t an t  b e a r i n g  on cloud e v o l u t i o n ,  
i n  t h a t  the  s p e c t r a l  l i n e s  o f  t h e  molecules  which comprise t h e  gas are 
t h e  means by which t h e  gas  coup les  t o  t h e  r a d i a t i o n  f i e l d ,  and t h u s  
t h e  means by which t h e  cloud is hea ted  o r  cooled.  I n t e r s t e l l a r  chemis t ry  
i s  a l s o  i n t e n s e l y  i n t e r e s t i n g  because t h e  formation o f  o r g a n i c  compounds 
(see Table  3-41 occur s  under c o n d i t i o n s  very d i f f e r e n t  from t h o s e  on 
E a r t h  and t h u s  e l u c i d a t e s  fundamental  r e a c t i o n  mechanisms n o t  r e a d i l y  
i s o l a t e d  i n  t h e  l a b o r a t o r y .  Some o f  t h e  i n t e r s t e l l a r  chemis t ry ,  i n v o l v i n g  
molecular  s p e c i e s  bel ieved t o  be b i o l o g i c a l l y  fundamental ,  may shed  
l i g h t  on t h e  p rocess  by which l i f e  evolved.  

One very important type o f  molecule about  which we have very l i t t l e  
information is t h a t  c o n t a i n i n g  on ly  one heavy atom. These molecules  
are important i n  t h e  chemis t ry  of i n t e r s t e l l a r  c louds  because they  
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Figure 3-5. Spectra of HI1 regions W3(A) and W3(OH) ( 1975). 
Dashed region shows ant ic ipated submi l l imeter  
space telescope coverage. 
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Figure 3-6. Continuum emission from the Orion Nebula complex 
at  20 pm, 100 pm, 1 mm, and 6 cm. 
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T a b l e  3-4. Molecular L i n e s  D e t e c t e d  i n  In te rs te l la r  C l o u d s  

H2 
CARBON MOLECUI.ES 

NITROGEN MOLECULES 

"3 N2H+ 

OXYGEN MOLECULES 

H 2 0  OH Si0 

CARBON-UTROGEN MOLECULES 

CN HC3N CH3CN H2NCN 

HCN HC5N C3N CH3NH2 

HNC HC7N H2CNH CH2CHCN 

CARBON-OXYGEN MOLECULES 

co CH3CH20H HCOOCH3 

H2CO H 2 C 2 0  HCON H 2 

HCOOH HCO HNCO 

CH30H CH3CHO HCO+ 

( ~ ~ 3 1 2 0  . 

NITROGEN-OXYGEN MOLECULES 

HNO 
SULPHUR MOLECULES 

so ocs 
H 2 S  SiS 
cs so2 
NS H 2 C S  

DEUTERIUM MOLECULES 

N2D+ DNC DCN HDO DCO+ HD NH2D 
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r e p r e s e n t  the r e a c t i o n  p roduc t s  of heavy atoms wi th  t h e  most abundant 
o f  a l l  atoms, hydrogen. Table 3-5 l ists  t h e  hydr ides  which have been 
observed t o  d a t e ,  as  well as o t h e r s  which, we have good reason t o  b e l i e v e ,  
should e x i s t .  These  molecules have small moments o f  i n e r t i a ,  which 
causes t h e  main r o t a t i o n a l  t r a n s i t i o n s  t o  l i e  a t  very s h o r t  wavelengths;  
Tab le  3-6 g ives  some examples. Even f o r  t h o s e  h y d r i d e s  a l r e a d y  de tec t ed ,  
obse rva t ions  a t  submi l l ime te r  wavelengths are e s s e n t i a l .  The t r a n s i t i o n s  
observed s o  far a r e  g e n e r a l l y  r e l a t i v e l y  weak,  and p a r t i c u l a r l y  prone 
t o  anomalous popu la t ion  r a t i o s ,  making t h e i r  i n t e r p r e t a t i o n  i n  terms 
o f  column d e n s i t i e s  and gas k i n e t i c  t empera tu res  d i f f i c u l t  o r  imposs ib l e .  

Hydrides may be important  i n  a n o t h e r  regard - t h e  d e t e c t i o n  of 
molecules  invo lv ing  atoms no t  p r e v i o u s l y  detected i n  t h i s  way, s u c h  
as calcium, sodium, magnesium, aluminum, l i t h i u m ,  phosphorus,  and c h l o r i n e  
(see Tables 3-5 and 3-61. T h i s  would open up  t o  s t u d y  many a s p e c t s  
of i no rgan ic  chemistry,  and may re la te  t o  such q u e s t i o n s  as t h e  formation 
and d e s t r u c t i o n  o f  g r a i n s .  

It  is  becoming appa ren t  t h a t  i o n s  play a key r o l e  i n  i n t e r s t e l l a r  
chemis t ry .  
and t h e  chemical t h e o r i e s  i nvo lv ing  ion-molecule r e a c t i o n s  p r e d i c t  
o t h e r s  whose r o t a t i o n a l  s p e c t r a  have n o t  y e t  been determined.  We a l s o  
know of a growing number of s p e c t r a l  f e a t u r e s  which have no t  y e t  been 
i d e n t i f i e d .  Thus, w e  have a need t o  obse rve  a t  h i g h e r  f r e q u e n c i e s  
i n  o r d e r  t o  understand t h e  abundances and e x c i t a t i o n  o f  i o n s  we have 
de tec ted .  A l s o ,  we need t o  extend ou r  coverage o f  f requency space  
so t h a t ,  by d e t e c t i n g  new s p e c t r a l  l i n e s ,  we can look f o r  p a t t e r n s  
which w i l l  lead t o  t h e  i d e n t i f i c a t i o n  o f  these "mystery1' molecules .  

We are aware of H C O + ,  N2H+ and CH+ by d i r e c t  o b s e r v a t i o n ,  

I n  a d d i t i o n  t o  t h e  chemistry of gas, there is t h e  chemis t ry  of 
s o l i d s ,  the composition of i n t e r s t e l l a r  d u s t  g r a i n s  and t h e i r  man t l e s .  
The submi l l ime te r  spectrum may be u s e f u l  i n  de t e rmin ing  some of t h e  
g r a i n  parameters.  For a l l  thermal  s o u r c e s  observed through atmospheric  
windows, the energy d i s t r i b u t i o n  between 1 mm and 350 pm v a r i e s  as 
t h e  t h i r d  t o  f o u r t h  power o f  t h e  frequency ( F i g u r e  3-7).  The shape 
o f  t h e  o v e r a l l  spectrum of t h e  sou rces  i n d i c a t e s  t h a t  we are obse rv ing  
t h e  Rayleigh-Jeans p o r t i o n  o f  t h e  r a d i a t i o n  d i s t r i b u t i o n ,  and t h a t  
t h e  e m i s s i v i t y  v a r i e s  as t h e  first t o  second power o f  t h e  frequency.  
It would be desirable t o  observe t h i s  p a r t  of t h e  spectrum wi th  some 
p r e c i s i o n ,  p a r t i c u l a r l y  i n  c i r c u m s t e l l a r  s h e l l s  such as IRC+10216 and 
o t h e r  s i m p l e  systems, i n  o r d e r  t o  p rov ide  a d d i t i o n a l  i n fo rma t ion  on 
t h e  wavelength dependence of t h e  e m i s s i v i t y ,  and hence on the  n a t u r e  
o f  g r a i n s .  

4.  Heating and Cooling of Clouds 

The i n t e r n a l  energy o f  a cloud is  a n  impor t an t  f a c t o r  i n  i ts  e v o l u t i o n .  
I n  a ho t  cloud, i n t e r n a l  p r e s s u r e  f o r c e s  can p reven t  t h e  c o l l a p s e  Of 
t h e  c l o u d ,  so  t h a t  a cloud can c o n t r a c t  on ly  as r a p i d l y  as it  can radiate  
away t h i s  energy. Thus, t h e  energy t r a n s f e r  w i t h i n  c louds  u l t i m a t e l y  
bears on the s ta r  formation ra te .  
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Table 3-5. I n t e r s t e l l a r  Hydrides 

Observed Examples of Molecules Not Yet Observed 

CH,  CH+ CH3,  ( C H I 0  CHZ,  CH; 

OH,  H20 H ~ O +  

"3 "2, NH;, NH+ 

H2S SH 

PH3, PH2, PH 

HCP 

CaH,  NaH, MgH, L i H ,  A P H  A P H + ,  MgH+, H+ 

S i H +  
3 '  

Table 3-6. Typ ica l  T r a n s i t i o n s  f o r  Hydrides  

Molecule Trans i t i on  Frequency (GHz) 

OH 

CH 

NH 

OH+ 

HCP 

"3 

H20 

H2S 

S i H +  

L i H  

Zn3/2, J = 5 /2  - 3/2 

2 n ~ / 2 ,  J = 3/2 - 1/2 

N =  0 - 1 ,  J = 1 - 2 

N = O -  1 ,  J = 1 - 2  

0 - 1  

10 - 00 

110 - 101 

111 - 000 

IC" J = 1 - 0  

lZ+ J = 1 - 0  

N = 1 - 0  A P H +  2z 
NH + 27Tr 

PH3 10 - 00 

2508 

1620 

975.2 

900 

625.9 

572.5 

556.9 

452.4 

453.2 

444.4  

393.7 

390.6 

266.9 
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F i g u r e  3-7. Spectrum o f  t h e  excess  i n f r a r e d  emission from a n  HI1 
r eg ion .  The dashed  l i n e  is a black-body cu rve  a t  70 K 
and t h e  s o l i d  l i n e  t h e  t h e o r e t i c a l  cu rve  f o r  emis s ion  
from e l e c t r o n  t r a n s i t i o n s  i n  a plasma (Wynn-Williams 
and Beckl in  1974) .  The d o t t e d  l i n e  shows t h e  s u  - 
millimeter spec t ra l  dependence, approx ima te ly  A' 9 . 
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The way i n  which t h e  d u s t  and t h e  gas i n  a c loud  are coupled 
e n e r g e t i c a l l y  is largely a matter f o r  s p e c u l a t i o n  a t  t h i s  time. I n  
one s c e n a r i o ,  t h e  r o t a t i o n a l  t r a n s i t i o n s  o f  t h e  molecules  are normally 
e x c i t e a ,  ana t n e  l i n e s  i n  t h e  abundant species are o p t i c a l l y  t h i c k .  
Thus, these l i n e s  cannot e f f i c i e n t l y  radiate  away t h e  ene rgy ,  i n  t h a t  
t h e  c loud  looks  l i k e  a b l a c k  body, b u t  on ly  ove r  a very t i n y  f r a c t i o n  
of i ts  t o t a l  spectrum. However, these  t r a n s i t i o n s  can coup le  t o  t h e  
d u s t  which is mixed w i t h  t h e  gas, and t h e  d u s t  i n  t u r n  can radiate  
t h e  energy i n  a continuum. I n  t h i s  c a s e ,  t h e  d u s t  r a d i a t i o n  would 
c o n t r o l  t h e  coo l ing .  

I n  a n o t h e r  s c e n a r i o ,  some key t r a n s i t i o n s  of abundant molecules  have 
p o p u l a t i o n  i n v e r s i o n s .  Water, w i t h  its h i g h l y  complex spectrum, i s  a 
good c a n d i d a t e .  C o l l i s i o n s  i n  t h e  dense c o r e s  o f  c l o u d s  cou ld  e x c i t e  
t h e  r o t a t i o n a l  l adder  of t h e  molecule i n  such a way t h a t  c e r t a i n  t r a n s i t i o n s  
are i n v e r t e d .  The molecule would then radiate  t h e  energy ve ry  e f f i c i e n t l y  
i n  t h e  form o f  powerful masers i n  the i n v e r t e d  t r a n s i t i o n s .  Masers 
have been observed e x t e n s i v e l y  i n  the 22 GHz t r a n s i t i o n  o f  H20; they 
appea r  i n  a wide v a r i e t y  o f  s o u r c e s .  The t o t a l  energy rad ia ted  by 
t h i s  t r a n s i t i o n  is no t  large compared t o  o t h e r  h e a t i n g  and c o o l i n g  
p r o c e s s e s ,  but  it s u g g e s t s  t h a t  o the r  t r a n s i t i o n s  may be s t r o n g  masers. 

I n  y e t  ano the r  p o s s i b l e  s c e n a r i o ,  t h e  d u s t  absorbs r a d i a t i o n  from 
powerful  i n f r a r e d  s o u r c e s  embedded i n  t h e  c loud  (new s tars) ,  t r a n s f e r s  
t h i s  r a d i a t i o n  t o  t h e  gas as suggested above, bu t  w i thou t  caus ing  maser 
emiss ion .  I n  t h i s  case, t h e  cloud would heat up ( S c o v i l l e  and Kwan 
1976).  Perhaps t h i s  mechanism accounts  f o r  why t h e  Orion molecular  
c loud ,  a t  50-70 K ,  is s o  much h o t t e r  t h a n  most o t h e r  c l o u d s .  S i n c e  
many o f  t h e  water t r a n s i t i o n s  cannot be observed even from an  a i r b o r n e  
p l a t f o r m ,  because of a b s o r p t i o n  i n  t h e  terrestr ia l  atmosphere (see 
Table 3-8 and F igure  A - 1 1 ,  a space  platform is needed t o  pu r sue  these 
q u e s t i o n s .  

Similar mechanisms might a l s o  o p e r a t e  i n  other molecules .  Sweitzer 
& a (1977)  have observed non-metastable i n v e r s i o n  t r a n s i t i o n s  of 
ammonia toward t h e  Orion Nebula up t o  the  (5-4) l e v e l .  An a n a l y s i s  
by S w e i t z e r  (1977) s u g g e s t s  t h a t  the  i n f r a r e d  r a d i a t i o n  f i e l d  p l a y s  
a key r o l e  i n  e x c i t i n g  these t r a n s i t i o n s  of ammonia. Obse rva t ions  o f  
t h e  10 - 00 r o t a t i o n a l  t r a n s i t i o n  of N H 3  a t  572.5 GHz w i l l  p rov ide  impor- 
t a n t  i n fo rma t ion  on t h e  abundance, d i s t r i b u t i o n ,  and e x c i t a t i o n  o f  t h e  
molecu le ,  and its r o l e  i n  t h e  e n e r g e t i c s  o f  t h i s  and similar c louds .  

F. STAR FORMATION 

The e a r l y  phase o f  star formation, t he  p r o t o s t e l l a r  c o l l a p s e ,  
is t h e  e x t e n s i o n  o f  t h e  cloud s t u d i e s  p r e v i o u s l y  d i s c u s s e d  t o  a small 
a n g u l a r  scale. 
p r o t o s t a r .  There is l i t t l e  doubt tha t  t h e  i n t e n s e  i n f r a r e d  s o u r c e s  
deep ly  embedded i n  t h e  dense c louds  a s s o c i a t e d  w i t h  t h e  major H I 1  r e g i o n s  
are ve ry  young o b j e c t s ,  but  we know very l i t t l e  about  them. The proposed 
NRAO 2 5  m t e l e s c o p e  o p e r a t i n g  t o  400 GHz and a complementary space 
t e l e s c o p e  of 10 m o p e r a t i n g  t o  1000 GHz w i l l  be powerful t o o l s  i n  t h e  
i n v e s t i g a t i o n  o f  such phenomena. Both w i l l  have many times t h e  a n g u l a r  

We cannot y e t  claim t h a t  we have observed a c o l l a p s i n g  
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Figure  3-8. Radio Continuum Spectrum o f  MWC 349 

r e s o l u t i o n  now a v a i l a b l e ,  and t h e  space t e l e s c o p e  w i l l  g i v e  access 
t o  t h e  high frequency l i n e s  whose importance has  a l r e a d y  been noted 
p rev ious ly .  

There is a class o f  young s t e l l a r  o b j e c t s  a p p a r e n t l y  undergoing 
cop ious  mass-loss (Strorn e t  a1 19751, a l though  t h e  p o s s i b i l i t y  t h a t  
t h e y  are a c c r e t i n g  mass is n o t  y e t  r u l e d  o u t  (Ul r ich  1976). These 
stars have broad emission l i n e s  showing ( a p p a r e n t l y )  a b s o r p t i o n  f e a t u r e s  
i n  t he  blue wings. 
which a l s o  h a s  a detectable r a d i o  continuum (Wendker g& & 1973). These 
o b j e c t s  a r e  g e n e r a l l y  of e a r l y  spectral  t y p e  w i t h  a r i c h  o p t i c a l  emission 

The p r o t o t y p e  of t h i s  c lass  o f  stars i s  P Cygni, 
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spectrum, and a r a d i o  continuum which v a r i e s  approximate ly  as t h e  frequency 
t o  the  first power (F igu re  3-8). Objects of t h i s  t y p e ,  which are probably 
a t  a pre-main sequence s t a g e  of evo lu t ion ,  are Lk H 101 (Knapp &a 19761; 
T Tau (Spencer and Schwartz 1973) ,  MWC 349 (Ollnon 1973) ,  M2-9 (Pur ton  
& a 1975).  They are be l ieved  t o  have expanding ion ized  envelopes.  
an envelope is h igh ly  c e n t r a l l y  concent ra ted ,  then  the o u t e r ,  o p t i c a l l y  
t h i n  p a r t  w i l l  have a f l u x  which is c o n s t a n t  w i t h  wavelength,  and an 
o p t i c a l l y  t h i c k  core whose f l u x  v a r i e s  as frequency squared .  A t  higher 
f r equenc ie s ,  more of t h e  envelope w i l l  be o p t i c a l l y  t h i n ,  and t h e  opaque 
c o r e  w i l l  be smaller, so t h a t  the t o t a l  spectrum w i l l  va ry  as v a ,  where 
Q is a va lue  between 0 and 2 depending on t h e  f requency and t h e  d e n s i t y  
s t r u c t u r e  i n  the  source .  
mately VI, it is i n f e r r e d  t h a t  t h e  d e n s i t y  of  the  s te l lar  envelope v a r i e s  
as r*, which is t h e  form of t h e  dens i ty  l a w  expected for mass overf low 
a t  a uniform v e l o c i t y .  It is of  cons ide rab le  i n t e r e s t  t o  ex tend  these 
s p e c t r a  u n t i l  t h e  f la t  ( o p t i c a l l y  t h i n )  p a r t  o f  t h e  spectrum ( i f  it e x i s t s )  
can be recognized ,  s i n c e  t h i s  i n d i c a t e s  t h e  maximum d e n s i t y  ( S i n n e r  r a d i u s )  
of t he  envelope.  The submil l imeter  spectrum is  a l s o  u s e f u l  f o r  ex tending  
our  o b s e r v a t i o n s  t o  h igher  s e n s i t i v i t i e s :  whereas t h e  p r e s e n t l y  known 
s o u r c e s  have f l u x e s  i n  excess  of 100 mJy a t  100 GHz, a 10 m space t e l e s c o p e  
has a l o r  s e n s i t i v i t y  l i m i t  o f  ( f o r  1 hour i n t e g r a t i o n )  140 mJy a t  300 GHz 
(where t h e  sou rces  are presumably three times s t r o n g e r ) ,  and 80 mJy 
a t  1000 GHz. Thus, i f  there are compact sou rces  s u f f i c i e n t l y  dense 
t ha t  t h e i r  spectra cont inue  t o  r i s e  t o  1000 GHz, then  t h i s  ins t rument  
would have e x c e l l e n t  p rospec t s  for d e t e c t i n g  them. 

If 

From the  shape of the  observed s p e c t r a ,  approxi-  

A p a r t i c u l a r l y  i n t e r e s t i n g  region t h a t  is suspec ted  to  be a t  an  
even ear l ie r  s t a g e  of evo lu t ion  is  t h e  i n f r a r e d  complex i n  Orion.  
I n  t h e  d i r e c t i o n  of the c e n t e r  of t h e  Kleinmann-Low nebula  we observe  
l i n e s  w i t h  l a r g e  Doppler wid ths .  CO h a s  been observed t o  ex tend  over  
150 km s-’. 
be due t o  g r a v i t a t i o n a l  c o l l a p s e :  t h e  mass i m p l i e d  would be enormous 
(Zuckerman e t  a1 1976).  I f  the  phenomenon is due to  mass-loss, its 
rate is very large. T h i s  is another  example of a phenomenon seen i n  
a r eg ion  of suspec ted  star formation which occur s  on a scale below 
t h e  r e s o l v i n g  power of c u r r e n t  ins t ruments .  

It has already been shown t h a t  such large v e l o c i t i e s  cannot  

The i n f r a r e d  complex i n  Or ion  is a l s o  i n t e r e s t i n g  because it shows 
complicated molecules ,  some of which have n o t  been seen elsewhere. 
Following a sugges t ion  by Herbig (1970) t h a t  i n t e r s t e l l a r  molecules  
and m e t e o r i t i c  o rgan ic  compounds might have a common o r i g i n ,  Anders 
e t  a1 (1974) have conducted l abora to ry  s t u d i e s  of g r a i n  c a t a l y t i c  r e a c t i o n s  
a t  t empera tu res  near  400 K which suggest t h a t  a large v a r i e t y  of  complex 
molecules  might be formed under these c o n d i t i o n s .  I n  o r d e r  t o  pursue  
t h i s  q u e s t i o n  we need higher  angular  r e s o l u t i o n  t o  s e p a r a t e  t h e  phenomena 
i n  t h e  co re  from those  i n  t h e  surrounding c louds ,  and h i g h e r , s e n s i t i v i t y .  
Both can be achieved a t  h ighe r  f requencies .  

The phenomena descr ibed here have on ly  very r e c e n t l y  begun t o  be 
i n v e s t i g a t e d .  As our experience grows, these s t u d i e s  w i l l  l i k e l y  become 
a powerful t o o l  i n  the  i n v e s t i g a t i o n  of pre-main sequence e v o l u t i o n .  
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G .  COMETS 

A major g o a l  o f  cometary research is t o  determine t h e  chemical 
composition of comets s i n c e  they may r e p r e s e n t  f r o z e n  samples o f  p r i m o r d i a l  
material from t h e  solar nebula .  A g e n e r a l  p i c t u r e  which e x i s t s  a t  
p r e s e n t  is t h a t  a comet c o n s i s t s  o f  an  i c y  conglomerate nuc leus  and a 
gaseous atmosphere which is formed by e v a p o r a t i o n  from both t h e  nuc leus  
and t h e  s o l i d  g r a i n s  embedded i n  t h e  atmosphere. F igu re  3-9 shows a 
schematic diagram of t h e  s t r u c t u r e  f o r  Comet Encke. The gases which 
b o i l  o f f  t h e  nuc leus  are mostly molecular  when formed, but  t h e i r  concen t r a -  
t i o n  f a l l s  o f f  r a p i d l y  w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  nuc leus  due 
t o  p h o t o i o n i z a t i o n s .  O p t i c a l  spectra of comets have r evea led  t h e  p resence  
o f  a number o f  molecular  fragments and i o n s ,  bu t  t he  p a r e n t  molecules  
have been more e l u s i v e .  Recently a f e w  t r a n s i t i o n s  o f  t he  p a r e n t  molecules  
H20, CH3CN, and HCN have been reported (Snyder 1976).  A 10 m s u b m i l l i m e t e r  
t e l e s c o p e  w i l l  o f f e r  a s u b s t a n t i a l  improvement i n  s e n s i t i v i t y  for d e t e c t i n g  
p a r e n t  molecules. Furthermore t h e  a n g u l a r  r e s o l u t i o n  may be s u f f i c i e n t  
t o  measure the  diameter o f  t h e  i n n e r  coma. F igu re  3-9 shows f o r  Comet 
Encke tha t  t h e  o u t e r  coma subtends an a n g l e  o f  28 arc seconds a t  1 A.U. 
T h i s  is t h e  r e s o l u t i o n  o f  a 10 m telescope o p e r a t i n g  a t  1 mm. For example 
i n  t h e  d e t e c t i o n  of water vapor ,  a 3 arc minute ground-based telescope 
working a t  t h e  22 GHz water l i n e  w i l l  have ove r  100 times less s e n s i t i v i t y  
than  a 10 m t e l e s c o p e  o p e r a t i n g  a t  t h e  556 GHz water l i n e .  While a t  
p r e s e n t ,  t h e  v o l a t i l e  component o f  t he  n u c l e u s  is  i d e n t i f i a b l e  o n l y  
i n d i r e c t l y  because o f  t he  i o n s  and radicals  i n  t h e  o u t e r  r e g i o n s  o f  
t he  coma, a space  t e l e s c o p e  w i l l  a l l o w  t h e  d e t e c t i o n  o f  such molecules  
as H20, "3, H C N ,  H2CO and o t h e r s .  
evidence on t h e  abundance and composition of t h e  nucleus.  

These data w i l l  p rov ide  d i rec t  

H. PLANETS 

Figure 3-10 g i v e s  t h e  s igna l - to -no i se  r a t io  o b t a i n e d  i n  1 hour 
i n t e g r a t i o n  ove r  a 500-MHz bandpass w i t h  a 10 m an tenna  and a r e c e i v e r  
w i t h  i ts  system n o i s e  temperature  given by Tsys ( K )  10 
A precise de te rmina t ion  of t h e  spectra of a l l  the  p l a n e t s  is feasible  
( excep t  P lu to  and a nunber of smaller bodies)  and w i l l  p rov ide  in fo rma t ion  
on t h e  na tu re  of t h e  atmospheres and/or  s u r f a c e s  o f  these members of 
t h e  s o l a r  system. J u p i t e r  and Venus w i l l  be eas i ly  r e s o l v a b l e  w i t h  - 
a 10-m t e l e s c o p e  making p o s s i b l e  t h e  s t u d y  of p l a n e t a r y  atmospheric  
c i r c u l a t i o n  and meteorology. I n  F i g u r e  3-11 we show a 10 m t e l e s c o p e  
beam a t  500 GHz p r o j e c t e d  on a P ionee r  10 photograph o f  J u p i t e r .  

(GHz). 

1 .  Venus 

Q u a n t i t a t i v e  data f o r  t h e  Venus atmosphere have been o b t a i n e d  
from Ear th-based  o b s e r v a t i o n s  and from s p a c e c r a f t  which have e n t e r e d  
t h e  Venus atmosphere o r  passed w i t h i n  s e v e r a l  p l a n e t a r y  r a d i i  of t h e  
p l a n e t .  Spec t roscop ic  measurements i n  t h e  n e a r - i n f r a r e d  bands have 
been used t o  determine the  basic c o n s t i t u e n t s  o f  t h e  atmosphere.  These 
measurements have shown tha t  C02 is  t h e  dominant a tmospheric  c o n s t i t u e n t .  
O the r  gases i d e n t i f i e d  from s p e c t r o s c o p i c  a n a l y s i s  are hydrogen c h l o r i d e  
( H C l ) ,  hydrogen f l u o r i d e  (HF) ,  carbon monoxide ( C O ) ,  oxygen ( 0 2 ) ,  and 
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TRAJECTORIES OF DUST 
PARTICLES UNDER SOUR 
RADIATION PRESSUIE 

Figure 3-9. Schematic diagram of the  s tructure  of Comet Encke. 
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Figure 3-10. Signal-to-noise ratio obtained on various Solar system 
bodies in 1-hour integration with 500 MHz bandwidth. 
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t e n t a t i v e l y  water vapor (H20). The Venera spacecraft r e p o r t e d  t h a t  t h e  
p r i n c i p a l  i n e r t  gas is  N2, w h i l e  t h e  H20 c o n c e n t r a t i o n  i s  s i g n i f i c a n t l y  
higher  than is  r e p o r t e d  from ground-based measurements. Table  3-7 shows 
an estimate on t h e  composition o f  t h e  Venus atmosphere (Models o f  t h e  
Venus Atmosphere, 1972). 

Water vapor is  pe rhaps  t h e  most i n t e r e s t i n g  trace species on Venus 
because o f  i t s  r o l e  i n  p l a n e t a r y  e v o l u t i o n  p r o c e s s e s ,  i t s  importance t o  
t h e  thermal r a d i a t i o n  budget,  i t s  p o s s i b l e  d i r e c t  role  i n  t h e  c loud 
forming p rocess ,  and i t s  b i o l o g i c a l  s i g n i f i c a n c e .  Table 3-8 shows t h e  
r o t a t i o n a l  t r a n s i t i o n s  o f  water below 1000 GHz which can be observed from 
space. These w i l l  o f f e r  t h e  p o s s i b i l i t y  t o  measure t h e  s p a t i a l  and 
temporal v a r i a t i o n s  i n  water vapor abundance free from s t r o n g  t e l l u r i c  
emission. 

Carbon monoxide has been detected i n  t h e  t roposphe re  by i t s  i n f r a r e d  
abso rp t ion  l i n e s  and i n  t h e  s t r a t o s p h e r e  by t h e  J 1-0 microwave 
abso rp t ion  a t  115.271 GHz. I n i t i a l  o b s e r v a t i o n s  as well as t h e o r e t i c a l  
c o n s i d e r a t i o n s  sugges t  t h a t  t h e  CO i s  produced on t h e  days ide  o f  t h e  
p l a n e t  and s w e p t  around t o  t h e  n i g h t  s i d e  due t o  t h e  g l o b a l  c i r c u l a t i o n  on 
Venus. By observing t h e  h i g h e r  f requency t r a n s i t i o n  shown i n  T a b l e  3-9 it 
w i l l  be poss ib le  t o  t e s t  these t h e o r i e s  by s p a t i a l  mapping o f  t h e  CO on 
t h e  day and n i g h t  sides.  

S t u d i e s  of Venus have suggested pole-to-equator t empera tu re  d i f fe r -  
ences ,  l a r g e - s c a l e  dynamical f e a t u r e s ,  and v a r i a b i l i t y  o f  s t r a t o s p h e r i c  
parameters which can be searched f o r  w i t h  a 10 m t e l e s c o p e  i n  o r b i t .  The 
movement of c i r c u l a t i o n  f e a t u r e s  around t h e  p l a n e t  w i t h  an appa ren t  pe r iod  
of fou r  days,  as  i n d i c a t e d  by Earth-based o b s e r v a t i o n s  can be  searched f o r  
u s ing  CO or o t h e r  molecules as tracers.  These o b s e r v a t i o n s  can p rov ide  a 
key t o  t h e  understanding of t h e  g e n e r a l  c i r c u l a t i o n  o f  Venus. 

2. Outer P l a n e t s  

The fundamental q u e s t i o n s  which re la te  t o  t h e  o u t e r  p l a n e t s  are: 

( 1 )  Are t h e  o u t e r  p l a n e t s  p r imord ia l  o b j e c t s  and what p h y s i c a l  
and cosmogonical p rocesses  account f o r  t h e i r  d i f f e r e n c e s ?  

( 2 )  What p rocesses  are c u r r e n t l y  t a k i n g  place on these p l a n e t s  
and how are these  re la ted t o  t h e  p r e s e n t  appearance o f  
t h e  p l a n e t s ?  

The answers t o  these broad q u e s t i o n s  rest i n  part on t h e  measurements 
of t h e  abundance of a large number of molecular  species and t h e i r  d i s t r i -  
but ions i n  temperature  and p r e s s u r e  i n  t h e  atmosphere. Many o f  t h e  
molecules of i n t e r e s t  have s t r o n g ,  r o t a t i o n a l  l i n e s  i n  t h e  submi l l ime te r  
s p e c t r a l  range. Ammonia 
is known t o  be p r e s e n t  i n  t h e  atmosphere of J u p i t e r ,  bu t  i t s  presence 
i n  t h e  spectrum o f  S a t u r n ,  Uranus, and Neptune i s  n o t  known. A search 
f o r  the  ground s t a t e  r o t a t i o n a l  t r a n s i t i o n  a t  572.5 GHz should o f f e r  
approximately a three-order-of-magnitude i n c r e a s e  i n  s e n s i t i v i t y  over  
t h e  inve r s ion  t r a n s i t i o n s  nea r  24 GHz. 

Examples are "3, PH3, H20, H C N ,  and H2S. 
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Table 3-7. Composition of the Venus Atmosphere 

Component 
Estimated Percent 

by volume Source * 

a 2  

N2 

02 

H20 

HC 1 

HI? 

CH4 

co 

cos 

"3 

N20 

He 

CH 3ci 

C2H2 

HCN 

97, +3, -4 

<2  

< 10-3 

10-2 - 10-1 

10-4 - 10-2 

10-4.2 

I 
10-6.2 

< 10-4 

<IO-6 - 10-4 

10-2 34 

<1O-5-5 

<5 x 10-5 

xl0-2 

< 10-4 

<io-4  

< 10-4 

Ref. 45 

Ref. 45 

Ref. 57 

Ref. 45 

Ref. 2 

Ref. 15 

Ref. 15 

Ref. 15 

Ref. 16 

Ref. 14 

Ref. 14 

Ref. 3 

Ref. 3 

Ref. 15 

Ref. 15 

Ref. 15 

Ref. 14 

Ref. 14 

Ref. 14 

Ref. 14 

Ref. 15 

*References i n  original publication Models of Venus Atmosphere 
(1972),  NASA SP-8011. 

3-29 



740-3 

Table 3-8. T r a n s i t i o n s  of  Water t o  1000 GHz 

T r a n s i t  i on  Frequency (MHz) 

110 - 101 
211 - 202 
313 - 220 
414 - 321 
423 - 330 
515 - 422 
533 - 440 
532 - 441 
616 - 523 
643 - 550 
642 - 551 
624 - 717 
753 - 660 
752 - 661 
1°29 - 936 

556936 .O 

752033.2 

1833 10.09 

3801 97.37 

448001.08 

325152.92 

474689.13 

620700.8 1 

22235.08" 

439150.81 

470888.95 

488491.13 

437346.67 

443018.30 

321225.64 

*Can be observed from the  ground 

Oxygen, s u l f u r ,  and n i t r o g e n  are cosmica l ly  abundant and the i r  
h l l y  reduced compounds are worth sea rch ing  f o r  i n  t h e  o u t e r  s o l a r  
system. Water has been r epor t ed  on J u p i t e r  but  a d d i t i o n a l  measurements 
are requi red  be fo re  the data can be i n t e r p r e t e d .  
which is important i n  t h e  chemistry of t he  o u t e r  p l a n e t s  and which 
can be searched f o r  i n  t h e  submi l l imeter  r eg ion .  

H2S is ano the r  molecule  

The probable d e t e c t i o n  of phosphine i n  the  Jovian  atmosphere 
(e.g., Ridgway & 1976) has important  impact on the  phys ic s  and 
chemis t ry  of t h e  atmosphere.  
PH3 should be absent  above t h e  800 K l e v e l  of t h e  atmosphere.  Its 
presence suggests  the importance of s t r o n g  dynamical c u r r e n t s  o r  some 

Thermochemical c a l c u l a t i o n s  p red ic t  t h a t  
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Table 3-9. CO S p e c t r a l  L ines  

115.271 

230- 537 

345.795 

461.040 

576.267 

691.473 

806.651 

921.793 

3.48 10-4 

2.71 10-3 

8.7 x 10-3 

1.9 x 

3.5 x 

5.4 x 

7.6 x 

9.9 x lo-* 

unknown chemistry which is t a k i n g  place w i t h i n  t h e  
p o s s i b i l i t y  which has been considered (e .g . ,  S i l l  
may be r e s p o n s i b l e  f o r  some of the c o l o r a t i o n  seen  
F i g u r e  3-11). Table 3-10 g i v e s  t h e  f r e q u e n c i e s  o f  
l adde r  o f  phosphine.  A t h e o r e t i c a l  c a l c u l a t i o n  of 

atmosphere.  Another 
976) is  t h a t  PH3 
on J u p i t e r  (see 
t h e  lower r o t a t i o n a l  
the  S a t u r n  spectrum 

i n c l u d i n g  ammonia and phosphine i s  seen i n  F i g u r e  3-12. 

The d e t e c t i o n s  of phosphine,  a c e t e l e n e ,  and s e v e r a l  o t h e r  molecules  
on J u p i t e r  sugges t  t h a t  non-equilibrium c o n d i t i o n s  are p r e s e n t  on t h i s  
p l a n e t .  Other molecules  whose lifetimes probably depend on non-equilibrium 
c o n d i t i o n s  and which can be searched for  are  HCN,  CH3, CN, O C S ,  CH3CCH, 
HC3N, HC5N. 
known, and many o f  t h e  l i n e s  which may be impor t an t  are i n  t h e  unexplored 
r e g i o n .  F igu re  3-11 shows t h e  s p a t i a l  r e s o l u t i o n  on J u p i t e r  which 
can be ach ieved  w i t h  a 10 m t e l e s c o p e  o p e r a t i n g  a t  500 GHz and 1000 GHz. 
It can be seen  t h a t  a 10 m t e l e s c o p e  p r o v i d e s  s u f f i c i e n t  r e s o l u t i o n  
t o  r e s o l v e  t h e  b e l t s ,  zones,  and red s p o t  on J u p i t e r .  

F igu re  3-13 shows the  Jovian spectrum as  i t  is  c u r r e n t l y  

I. POST-MAIN-SEQUENCE EVOLUTION 

I n  S u b s e c t i o n  F (Star Formation),  it was shown t h a t  s u b m i l l i m e t e r  
o b s e r v a t i o n s  of t h e  envelopes of young stars are impor t an t  i n  unde r s t and ing  
t h e i r  development. The same k inds  o f  o b s e r v a t i o n s  are r e l e v a n t  t o  a 
large v a r i e t y  of stars which have evolved t o  t h e  r e d  g i a n t  stage and 
beyond. S t u d i e s  of these k i n d s  of stars address t h e  q u e s t i o n s  of l a t e  
s t e l l a r  e v o l u t i o n ,  many s t a g e s  o f  which are st i l l  poor ly  unde r s tood ,  and 
o f  t h e  r e t u r n  of s t e l l a r  material t o  t h e  i n t e r s t e l l a r  medium, w i t h  impor t an t  
i m p l i c a t i o n s  f o r  galactic e v o l u t i o n .  
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Table 3-10. Rota t iona l  T r a n s i t i o n s  of Phosphine 

0-1 1 

1+2 0 

1 

2-3 0 

1 

2 

0 

1 

2 

3 

3-4 

266944.5 

533794.2 

5338 14.92 

800454.3 

800485.38 

800578.62 

1066830 .O 

106687 1 .4 

1066995.8 

1067203 .O 

2.2 10-3 

7.73 - 3 
5.81 - 3 
1.60 - 2 
1.42 - 2 
8.86 - 3 
2.49 - 2 
2.35 - 2 
1.89 - 2 
2.24 - 2 

1. Red Giants  

A t y p e  of s te l la r  envelope being i n v e s t i g a t e d  by r a d i o  and m i l l i -  
meter techniques is t h a t  of  Mira v a r i a b l e s .  Among t h e  long-period 
v a r i a b l e s ,  oxygen-rich Mira v a r i a b l e s  show emission i n  t r a n s i t i o n s  
of H20, OH, and SiO. On the  o t h e r  hand, S-type Miras appear  t o  be 
a s s o c i a t e d  only  wi th  S i 0  (Blair and Dickinson 1977). Observa t ions  
of  non-maser Si0 i n  such stars have been used by Morr i s  and Alcock 
(1977) t o  determine the  amount of  S i0  being ejected from such stars. 
They f i n d  t h a t  t h  Si0 f l u x  is very low, ei ther because t h e  mass l o s s  

probably because a major p a r t  Q g O % >  of t h e  s i l i c o n  is i n  some o t h e r  
form. It would be of g r e a t  i n t e r e s t  t o  conduct a similar s t u d y  of 
water, because it p lays  an impor tan t  r o l e  i n  t h e  r a d i a t i v e  t r a n s f e r ,  
and hence t h e  e n e r g e t i c s  of t h e  envelope.  Unfo r tuna te ly ,  on ly  22 GHz 
t r a n s i t i o n  can be observed from t h e  ground,  and it is  a maser. Thus, 
observa t ions  from a large space t e l e s c o p e  w i l l  be o f  g r e a t  i n t e r e s t .  

ra te  is low (-10- % Ma yr" assuming [SiOl/[H2] = 6 x o r  more 

Cor re l a t ion  of t h e  v a r i a b i l i t y  of molecular  l i n e  emiss ions  wi th  
v a r i a t i o n s  i n  the  i n f r a r e d  f l u x  can be a very u s e f u l  approach t o  s tudy ing  
molecular  e x c i t a t i o n .  

3- 32 



740-3 

I I I I I I 
I 

I 1  I 

Z 
3 
Qc 

5 

z 
3 c QD 3 
Z 

O F 1  

No- x u  
T. z - h 

-a 

0 

(u 

I m 
.- 

E 
.Y 
cr, 

3-33 



I I I I 

E 
E 
c 

0 8 
c 

ac, 
Q, L C  
a Q , o  

3-34 



740-3 

There is a r e c e n t  report of v a r i a b l e  CO emiss ion  i n  XCygn i  and 
Mira (Lo and Bechis 1977).  The s imultaneous o b s e r v a t i o n  i n  a l l  t h e  
lower l i n e s  of t h e  CO ladder  w i l l  be impor tan t  i n  t he  unde r s t and ing  
o f  t h i s  phenomenon. 

2 .  Carbon and S-Type Stars  

Recent ly ,  t he  envelopes  of  o the r  evolved stars have begun t o  
be i n v e s t i g a t e d  us ing  molecular  t r a n s i t i o n s .  These o b s e r v a t i o n s  are 
a t  t h e  very  l i m i t  o f  what can be  observed w i t h  e x i s t i n g  technology.  
Submi l l imeter  o b s e r v a t i o n s  w i t h  a l a r g e  space antenna  w i l l  p rov ide  
i n c r e a s e d  s e n s i t i v i t y  as well a s  in format ion  on molecular  e x c i t a t i o n .  

The p ro to type  of  t h i s  c lass  of stars is  IRC+10216 (see F i g u r e  3-14). 
A l l  of these stars show wide (20 - 40 km s-1) CO l i n e  p rof i les  (Zuckerman 
1977).  Mostly,  t h e  l i n e s  are j u s t  b a r e l y  detected (TA < 0.5 K ) ,  bu t  
i n  t h e  case o f  I R C  + 10216 ( T A  = 4 K), it  has been p o s s i b l e  t o  detect 
a v a r i e t y  o f  o t h e r  molecules  besides CO (Morris & 1975).  Thus, 
the  chemis t ry  of such envelopes is c u r r e n t l y  a matter f o r  s p e c u l a t i o n .  
Zuckerman & d (1977) have noted t h a t  t h e  larger f r a c t i o n  of these 
stars tend  t o  be carbon r i c h .  Also, when t h e  CO f l u x  is normalized 
t o  t h e  0.5 - 20 m f l u x ,  one f i n d s  t h a t ,  f o r  a g iven  i n t r i n s i c  l u m i n o s i t y ,  
stars w i t h  C/O > 1 tend  t o  have s t r o n g e r  CO emiss ions .  Zuckerman fid 
(1977)  a rgue  t h a t  t h i s  i n d i c a t e s  t h a t  carbon-r ich  stars have greater 
mass- loss  rates.  S ince  86% o f  t h e  stars examined d i d  n o t  have detectable 
CO emis s ions ,  and s i n c e  stars w i t h  C/O > 1 i n  t h e i r  sample tended  t o  
have l a r g e r  I R  f l u x e s ,  much improved s e n s i t i v i t y  i n  t he  CO l i n e  is 
needed t o  s u b s t a n t i a t e  t h i s  p o i n t .  

P r o s p e c t s  f o r  i nc reased  s e n s i t i v i t y  a t  h i g h e r  f r e q u e n c i e s  are 
good. An a n a l y s i s  o f  the e x c i t a t i o n  of v a r i o u s  molecules  w i t h  o p t i c a l l y  
t h i n  l i n e s  i n  I R C  + 10216 (Morr i s  1975) i n d i c a t e s  t h a t  i n f r a r e d  r a d i a t i o n  

' e x c i t e s  t h e  molecules  i n t o  e x c i t e d  v i b r a t i o n a l  s ta tes ,  from where they  
decay back t o  r o t a t i o n a l  l e v e l s  of t h e  ground v i b r a t i o n a l  s ta te .  T h i s  
c a u s e s  h igh  r o t a t i o n a l  l e v e l s  t o  be popula ted  and p r e d i c t s  b r i g h t n e s s  
t empera tu res  i n  t h e  h i g h e r  frequency l i n e s  which are comparable t o  
t h o s e  seen  i n  t h e  l i n e s  near  3 mm. S ince  these s o u r c e s  are g e n e r a l l y  
n o t  r e s o l v e d  (even I R C  + 10216 is  reso lved  on ly  i n  t h e  o p t i c a l l y  t h i c k  
l i n e  of C O ) ,  s e n s i t i v i t y  w i l l  i nc rease  as f requency  squared  f o r  a 
g iven  antenna s i z e .  The same argument a l s o  a p p l i e s  t o  o p t i c a l l y  t h i c k  
l i n e s  from unreso lved  sources ,  for which the  b r i g h t n e s s  t empera tu re  
w i l l  be approximately t h e  g a s  temperature .  

The n a t u r e  of  the  mass-loss is  known on ly  i n  I R C  + 10216 (and 
perhaps  C I T  6 )  from a c a r e f u l  examination of the  ShaDes o f  t h e  l i n e  
p r o f i l e s .  I n  I R C  + 10216, the  phenomenon is  unmistakably mass- loss  
a t  a uniform v e l o c i t y  (Kuiper  & a 1976) .  I n  a l l  o t h e r  i n s t a n c e s ,  
on ly  t h e  w i d t h  of t h e  l i n e  i n d i c a t e s  a probable  out f low.  Higher s e n s i t i v i t y  
is  t h e r e f o r e  needed t o  examine t h e  shapes o f  t h e  l i n e s .  Higher a n g u l a r  
r e s o l u t i o n  is needed i n  o r d e r  t o  map t h e  b r i g h t n e s s  d i s t r i b u t i o n ,  a t  
least  f o r  t h e  l a r g e r  s o u r c e s ,  t o  confirm t h e  i n t e r p r e t a t i o n  of  t h e  
l i n e  s h a p e s .  
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Figure 3-14a. J=O-1 prof i le  of l2Cl6O i n  IRC+10216 
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3. Early-Type Emission Line Stars 

Zuckerman .e& &L (1975) and Bechis and Lo (1975) have sugges t ed  
t h a t  a t  b a s t  s m e  of  t h e  carbon s t a r s  may represent. a s t a t e  o f  s i e i i a r  
e v o l u t i o n  preceding p l a n e t a r y  nebulae; a similar s u g g e s t i o n  has  been 
made f o r  an e n t i r e l y  d i f f e r e n t  class o f  o b j e c t s ,  which are similar 
t o  t h e  young stars p rev ious ly  discussed.  
o f  t h i s  class.  It shows a r a d i o  spectrum which v a r i e s  as t h e  first 
power o f  t h e  f requency (Marsh 1976).  P r i o r  t o  1965, i t  was a 
l a t e  M s ta r ,  but  i t  h a s  s i n c e  undergone 5 magnitudes of b r i g h t e n i n g  
and i t s  spectrum has changed t o  an  e a r l y  t y p e  wi th  a complex emiss ion  
l i n e  spectrum i n d i c a t i n g  both h i g h  and low e x c i t a t i o n  components i n  
t h e  s t e l l a r  envelope. Many l i n e s  show doub l ing ,  i n d i c a t i n g  an  expansion 
a t  35 km s-1 (Fi tzgera ld  1973). It has been sugges t ed  t h a t  t h i s  o b j e c t  
is a p l a n e t a r y  nebula  i n  i t s  formative stages (Ahern t& a4 19771, which 
is now i n  the  first stages o f  e j e c t i n g  i ts  s h e l l .  T h i s  object ,  and 
o t h e r s  l i k e  i t ,  shows a f l a t t e n i n g  of i t s  r a d i o  continuum spectrum 
a t  millimeter wavelengths,  which suggests t h a t  t h e  s h e l l  has  an  i n n e r  
boundary, i n d i c a t i n g  t h a t  t h e  mass-loss phase t e r m i n a t e d  some time 
ago. Could i t  be t h a t  the c e n t r a l  star i n  I R C  + 10216 w i l l  one day cross 
t h e  H-R diagram and expe r i ence  the kind of change s e e n  r e c e n t l y  i n  
V 1016 Cygni? Submil l imeter  o b s e r v a t i o n s ,  by t h e i r  i n c r e a s e d  s e n s i t i v i t y  
and a n g u l a r  r e s o l u t i o n ,  may provide answers.  

V 1016 Cygni is t h e  p r o t o t y p e  

4 .  Novae 

Submi l l ime te r  o b s e r v a t i o n s  of novae w i t h  a 10-m space  t e l e s c o p e  
w i l l  be a c h i e v a b l e  for a t  least  a few years a f te r  a n  o u t b u r s t ,  and important  
new data abou t  nova s h e l l s  can be  obtained.  The f e w  r a d i o  novae which 
have been observed t o  date show a nea r ly  thermal spectrum (see, for  
example, F igu re  3-15) which is  c o n s i s t e n t  w i t h  t h e  e v o l u t i o n  o f  an expanding 
thermal  s o u r c e ,  s t i l l  o p t i c a l l y  t h i c k  at 100 GHz.  I n  t he  s u b m i l l i m e t e r  
wavelength range i t  w i l l  be p o s s i b l e  t o  measure t h e  o p t i c a l l y  t h i n  
spectral  r eg ion  and hence determine t h e  product  o f  t h e  emis s ion  measure 
and t h e  s o u r c e  s o l i d  a n g l e .  Hjellming has i n d i c a t e d  how such  measurements 
may be  used t o  s t u d y  t h e  evo lu t iona ry  p r o p e r t i e s  o f  t h e  novae. Because 
of t h e  thermal s p e c t r a  of novae, t h e r e  is a tremendous advantage i n  
working a t  short  wavelengths.  We note t h a t  a 10-m space  t e l e s c o p e  
w i l l  a c h i e v e  a minimum detectable f l u x  d e n s i t y  o f  10 mJy i n  abou t  one 
hour ,  which is approximately the  same s e n s i t i v i t y  t h a t  is  ach ieved  
o b s e r v i n g  wi th  t h e  NRAO three element i n t e r f e r o m e t e r .  However, s i n c e  
novae are g e n e r a l l y  o p t i c a l l y  t h i c k  a t  c e n t i m e t e r  wavelengths ,  one 
g a i n s  r e l a t i v e  s e n s i t i v i t y  by working a t  s h o r t  wavelengths .  Thus it 
shou ld  be p o s s i b l e  t o  detect more novae and a l s o  t o  f o l l o w  t h e  e v o l u t i o n  
o f  novae f o r  l o n g e r  p e r i o d s  o f  time. 

3-37 



1 
I 
I 
E 
P 

N 

Io L c - 
d 

1 I I I I 1 1 1 1  I I 1 1 1 I I I .  

. Nova Dclphini 1967 - - - - 

1 .o 

0.1 

0.01 

0,001 
(Ill 

.O 10.0 100.0 
1 I I I I I l l  1 I I 1 1 1 1 1  

v ( G H r )  

(b) 
I 1 1 I 1  1 1 1  1 1 I 1 1 1 1 1  

1 .o 10.0 100.0 

u ( G H t )  

Figure 3-15. Radio Spectra of Nova Delphini 1967 and Nova Serpentis 
1970 as measured from June to October, 1970. (C. M. Wade 
and R. M. Hjellming, 1971. AstroDhvs. J. 163:L65). 

3-38 



740-3 

SECTION I V  

TECHNICAL REQUIREMENTS AND FEASIBILITY 

A. GENERAL CONSIDERATIONS 

Seve ra l  important  under ly ing  c o n s i d e r a t i o n s  have in f luenced  our  
though t s  on a submi l l imeter  t e l e scope .  These, a long  w i t h  s c i e n t i f i c  
c o n s i d e r a t i o n s ,  have been used t o  develop t h e  t e c h n i c a l  requi rements  
p re sen ted  i n  t h i s  s e c t i o n .  
of today w i l l  not  be t he  same as t h o s e  a decade from now. To account  f o r  
these i n e v i t a b l e  b u t  unknown changes, we were guided t o  an ins t rument  
concept  capable  of a t t a c k i n g  today 's  problems but  a t  t h e  same time designed 
t o  i n s u r e  enough f l e x i b i l i t y  f o r  tomorrow's o p p o r t u n i t i e s .  
is r a p i d l y  changing. 
are becoming a v a i l a b l e  w i t h  great r e g u l a r i t y .  
we v i s u a l i z e  a t e l e scope  and a s soc ia t ed  i n s t r u m e n t a t i o n  which can be b u i l t  
wi th  t o d a y ' s  technology,  but  which can a l s o  be modi f ied ,  improved, and 
upgraded as new technology becomes a v a i l a b l e .  Because any o r b i t i n g  a s t r o -  
nomical t e l e s c o p e  is an expensive and complicated d e v i c e ,  i t  must  be large 
enough t o  make s u b s t a n t i a l  improvements over  competing t e l e s c o p e s  and be 
ope ra t ed  f o r  ex tens ive  pe r iods  of time t o  j u s t i f y  t h e  c o s t .  F i n a l l y ,  we 
noted t h a t  t h e  p o s s i b i l i t i e s  f o r  bu i ld ing  very l a r g e  submil l imeter  an tennas  
i n  space  are great and t h a t  e a r l y  s u b m i l l i m e t e r  t e l e s c o p e  des igns  should 
be c o n s t a n t l y  alert  t o  t h i s  growth p o t e n t i a l .  

We acknowledge t h a t  t h e  s c i e n t i f i c  problems 

Space technology 
New materials and t echn iques  f o r  space  a p p l i c a t i o n s  

With t h i s  thought  i n  mind, 

B. SCIENCE CONSIDERATIONS 

S e c t i o n  I11 describes some of t he  s c i e n c e  o b j e c t i v e s  f o r  the  space 
t e l e s c o p e .  These o b j e c t i v e s  t r a n s l a t e  i n t o  t e l e s c o p e  requi rements  nec- 
e s s a r y  t o  perform the  r equ i r ed  experiments.  The most impor tan t  r e q u i r e -  
ment is t h a t  t he  t e l e scope  should opera te  over  t h e  f requency range from 
300 GHz t o  3000 GHz ( 1  ma t o  100 pm) i n  o r d e r  t o  cover  t h e  gap between 
t h e  millimeter spectral  r eg ion  a t  the low f requency  end and t h e  i n f r a r e d  
a t  t h e  high frequency end. In  a d d i t i o n ,  t h e  t e l e s c o p e  should have 
good f l u x  s e n s i t i v i t y ,  a narrow beam f o r  de ta i led  mapping, and be capable  
of high spectral  r e s o l u t i o n  over  a very broad frequency range .  

The requi rements  f o r  s e n s i t i v i t y  over  a wide frequency range suggest 
a r e f l e c t i n g  antenna rather t h a n  an a r r a y .  While t h e  requi rements  on 
a p e r t u r e  s i z e  are d i f f i c u l t  t o  quan t i fy ,  s i n c e  t h e r e  are always smaller o r  
weaker sources  t o  be observed,  an instrument  capable  of  mapping w i t h  10 
arc-second r e s o l u t i o n  and w i t h  a gain greater than  80 dB w i l l  p rovide  a 
s i g n i f i c a n t  improvement over  any proposed space  or  a i r b o r n e  t e l e s c o p e  and 
would have a r e s o l u t i o n  comparable t o  t h e  next  g e n e r a t i o n  of ground-based 
m i l l i m e t e r  t e l e s c o p e s .  
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C. SUBMILLIMETER TELESCOPE CONCEPT 

h e  be l i eve  t h a t  s c i e n t i f i c  r equ i r emen t s  and g e n e r a l  c o n s i d e r a t i o n s  
p o i n t  toward a 10 m class r e f l e c t i n g  t e l e s c o p e  o r b i t i n g  as a free-flyer 
( F i g u r e  4-1) and designed t o  p rov ide  a long  term s p a c e  o b s e r v a t i o n  capa- 
b i l i t y .  (If a permanent space  s t a t i o n  were e s t a b l i s h e d ,  it might be 
p r e f e r a b l e  t o  a t tach t h e  t e l e s c o p e  t o  i t .) The f r equency  range of 
o p e r a t i o n  should be between 300 - 3000 G H z  ( 1  mm - 100 pm) to cove r  t h e  
gap .between t h e  millimeter and t h e  i n f r a r e d  r e g i o n s .  The lowes t  f requency 
of ope ra t ion  would normally b e 2 4 0 0  G H z ,  s i n c e  t h i s  is approx ima te ly  t he  
firequency a t  which ground-based o b s e r v a t i o n s  begin t o  s u f f e r  s e v e r e l y  from 
atmospheric a t t e n u a t i o n  (Appendix A ) .  However, o b s e r v a t i o n s  a t  l o n g e r  
wavelengths ( f o r  example, t h e  60 GHz oxygen band and t h e  183 G H z  water 
l i n e )  nay be desirable t o  o v e r l a p  ground-based measurements. The upper 
f requency l i m i t  of the  t e l e s c o p e  w i l l  undoubtedly be l i m i t e d  by t h e  re- 
f l e c t o r  surface accuracy.  A s  a des ign  goal,  a t  3000 G H z  (100 pm) the  
t e l e s c o p e  would o p e r a t e  i n  an i n c o h e r e n t  mode, t h a t  is as a " l i g h t  bucket." 
T h i s  would be accomplished by having t h e  p a n e l s  q u i t e  p r e c i s e  ( 6  pm) 
on a small scale, a l though  n o t  a c h i e v i n g  t h i s  accu racy  on t h e  scale 
o f  t he  e n t i r e  t e l e s c o p e .  The maximum f requency  f o r  cohe ren t  o p e r a t i o n  
would be achieved a t  1000 G H z  where t h e  rms s u r f a c e  i r r e g u l a r i t i e s  would 
be A/16 or 19 pm. 
would begin t o  decrease r a p i d l y  above 1000 G H z ;  however, maximum g a i n  
would n o t  be r e a l i z e d  u n t i l  ~ 1 2 5 0  G H z .  

The an tenna  e f f e c t i v e  area f o r  c o h e r e n t  d e t e c t i o n  

k e  env i s ion  t h a t  t h e  t e l e s c o p e  w i l l  be  d e l i v e r e d  t o  o r b i t  by t h e  
Space S h u t t l e .  The t e l e s c o p e  should a lso be capab le  of be ing  s e r v i c e d  by 
the  S h u t t l e  (F igu re  4-21 and be r e t r i e v e d  by t h e  S h u t t l e .  A l l  instrumen- 
t a t i o n  should be f u l l y  automated. Data would be s e n t  t o  t h e  earth v i a  a 
t e l e m e t r y  downlink and commands t o  t h e  p o i n t i n g  and data a c q u i s i t i o n  
subsystems would be done on an up l ink .  The r e c e i v e r  packages would be 
b u i l t  w i t h  a modular des ign .  In s t rumen t s  should be designed t o  o p e r a t e  
f o r  a t  l e a s t  one yea r  w i thou t  s e r v i c i n g .  (Except p o s s i b l y  for t h e  
c r y o s t a t ,  it should be p o s s i b l e  t o  o p e r a t e  t h e  t e l e s c o p e  f o r  c o n s i d e r a b l y  
l o n g e r .  ) 

The mode of major r e fu rb i shmen t  could be t o  r e t u r n  t h e  t e l e s c o p e  
t o  t h e  ground. I n  o r b i t ,  s e r v i c i n g  f o r  minor repairs  and replacements  
should be p o s s i b l e  as well as replenishment  o f  c r y o g e n i c s  as r e q u i r e d .  

D .  ANTENNA 

Table 4-1 g i v e s  a comparison between a 10 m s u b m i l l i m e t e r  space  
The t e l e s c o p e  and a number of o t h e r  e x i s t i n g  o r  proposed t e l e s c o p e s .  

table  lists d i a m e t e r ,  maximum u s a b l e  f requency and e f f e c t i v e  C o l l e c t i n g  
area when t ak ing  i n t o  account  a t y p i c a l  atmospheric a b s o r p t i o n  f o r  
t h e  l o c a t i o n  of the  in s t rumen t .  

A 10-m space t e l e s c o p e  is seen  t o  have a smaller c o l l e c t i n g  area 
than t h e  proposed NRAO 25 m and U . K .  15 m a t  300 G H z ,  bu t  r a p i d l y  g a i n s  
advantage a t  h ighe r  f r e q u e n c i e s .  A t  1000 G H z ,  L IRTS,  a proposed European 
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Figure 4-1. 10-m Diameter Orbi t ing  Submil l imeter  Telescope Concept 
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Figure 4-2. 10-m Diameter O r b i t i n g  Submi l l ime te r  Telescope Being 
Se rv iced  by S h u t t l e  
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Tab le  4-1. Parameters of Some Submil l imeter  Te lescopes  

E f f e c t i v e  Aper ture  
Maximum (Through Atmosphere) 

(GHZ , A /  16 1 
E x i s t i n g  Telescopes Diameter Frequency (m2 1 

(m 1 

300 GHz 500 GHz 1000 GHz 

Kuiper Airborne 
Observatory 

Bell  Telephone Lab 

Hale Telescope 
( Palomar 1 

Owens Val ley  - 
NRAO 

United Kingdom 

L I R T S  

ter  SDace 
l22kmxs 

0.9 

7 

5 

10 

25 

15 

2.8 

10 

IR 

300 

Optical 

350 

250 

38 0 

IR 

1000 

0 .3  

10 

9 

15 

120 

90 

3 

40 

0 . 3  

<1 

.5  

1-2 

9 

? 

3 

40 

0 . 3  

- 
<o. 1 

0.1 

0.1 

- 
3 

20 

i n f r a r e d  t e l e scope  f o r  S h u t t l e ,  h a s = 1 / 7  of t he  c o l l e c t i n g  area of  
t h e  submi l l ime te r  t e l e scope .  This  t r a n s l a t e s  i n t o  a f a c t o r  of  50 i n  
i n t e g r a t i o n  time t o  ob ta in  equ iva len t  data on unreso lved  sources .  

A p r e c i s i o n  deployable  10 m antenna w i t h  a 20 pm rms s u r f a c e  
accuracy  is a t echno log ica l  cha l lenge  but  is thought  t o  be p o s s i b l e  wi th  
t o d a y ' s  technology. During t h e  last 5 y e a r s ,  R .  Leighton has developed 
s e v e r a l  p ro to type  antenna of  10.4-111 diameter, 4.1-m f o c a l  l e n g t h ,  and a 
s u r f a c e  accuracy of  less than 50 pm rms. 
t o  y i e l d  a two-to-three-fold improvement i n  t h e  s u r f a c e  f i g u r e .  Le ighton ' s  
s u c c e s s  (F igu re  4-3) g i v e s  us confidence t h a t  t h e  s u r f a c e  accuracy  can be 
achieved;  h i s  unique design o f f e r s  a method by which t h e  antenna can be 
stowed i n  t he  S h u t t l e  bay and deployed i n  space. Deployable an tennas  
des igned  f o r  ope ra t ion  a t  lower f requencies  have been e x t e n s i v e l y  s t u d i e d  
by i n d u s t r y .  We expect  t h a t  t h e  m a t e r i a l s  and deployment technology 
l e a r n e d  i n  these s t u d i e s  can be t r a n s f e r r e d  t o  a p r e c i s i o n  deployable  
an tenna .  

Design improvements are expected 



Figure 4-3. 10-m millimeter wavelength t e l e s c o p e  a t  Owens Valley 
Radio Observatory,  cons t ruc t ed  of hexagonal modules 
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The maximum frequency a t  which an an tenna  can be used c o h e r e n t l y  is 
determined by its s u r f a c e  accuracy .  When t h e  rms s u r f a c e  i r r e g u l a r i t i e s  
&-e A/'!&, the a~iienria e f f e c t i v e  a r e a  is decreased by a f a c t o r  of 1/2, 
a l though  o p e r a t i o n  a t  higher  f requencies  is  p o s s i b l e  a t  a f u r t h e r  reduced 
e f f e c t i v e  a p e r t u r e .  
g a i n  .is achieved  when t h e  s u r f a c e  i r r e g u l a r i t i e s  are A / ~ T T .  By conven t ion ,  
t he  h ighes t  u sab le  f requency is defined where t h e  rms s u r f a c e  i r r e g u l a r i t i e s  
are A/16. For 1000 GHz (300 pm), the s u r f a c e  requi rement  is f o r  a t r u e  
pa rabo la  w i t h i n  an rms va lue  of  19 pm. The maximum g a i n  is achieved  
when A = 4 ~ r  x 19 = 239 pm (1250 GHz). 

I n  fact ,  s i n c e  ga in  is p r o p o r t i o n a l  t o  A-2,  maximum 

A 10 q an tenna  d e l i v e r e d  i n t o  o r b i t  v i a  Space S h u t t l e  must be 
dep loyab le ,  s i n c e  t h e  maximum w i d t h  of t h e  cargo  bay is  j u s t  over  4 m. 
One p o s s i b l e  c o n f i g u r a t i o n ,  aga in  based on Le igh ton ' s  10 m an tennas ,  i s  
t h a t  o f  seven closely packed hexagonal pane l s ,  each n e a r l y  4 m i n  diameter 
(see F igure  4-11. The i n d i v i d u a l  panels  could be made up of  g r a p h i t e -  
epoxy s k i n s ,  s e p a r a t e d  by an aluminum honeycomb t o  f ac i l i t a t e  t empera tu re  
e q u a l i z a t i o n .  A method of h inging  t h e  p a n e l s  t o  each o t h e r  and ma in ta in ing  
the  r e q u i r e d  t o l e r a n c e  m u s t  be developed, bea r ing  i n  mind t h a t  the  r e q u i r e d  
accu racy  of  20 pm is j u s t  under 0.001 i n . ,  about  what one might expec t  i n  
a high q u a l i t y  door h inge .  

The an tenna  requi rements  and parameters  d i s c u s s e d  above are 
s u m a r i z e d  i n  Table 4-2. 

Three a s p e c t s  of t e l e s c o p e  design must be s t u d i e d  i n  more de ta i l :  

( 1 )  Accuracy wi th  which i n d i v i d u a l  pane l s  can be manufactured.  
Le igh tons ' s  expe r i ence  i n d i c a t e s  t h a t  p r e s e n t  t echn iques  can 
a l r e a d y  ach ieve  an accuracy of  -20 pm wi th  aluminum honeycomb, 
and he has i d e n t i f i e d  promising t echn iques  for improving t h e  
accuracy.  Also, the techniques must be adapted  for g r a p h i t e -  
epoxy (or  a similar composite material) ,  a material more 
s u i t e d  t o  space  a p p l i c a t i o n s .  The accu racy  t h a t  can be 
achieved w i l l  de te rmine  t h e  minimum f requency  i n  t h e  l'light- 
bucket" mode of  opera t ion .  

(2) Methods of  deployment, by which t h e  p a n e l s  can be set  i n  space  
to  ach ieve  t h e  necessary  o v e r a l l  accuracy  and r i g i d i t y .  T h i s  
would invo lve  engineer ing  and s tudy ing  p ro to type  s t r u c t u r e s .  
The degree of  p r e c i s i o n  t h a t  can be achieved  i n  deployment 
w i l l  p robably  l i m i t  the  wavelength t o  which the  e n t i r e  
r e f l e c t o r  can be used coherent ly .  

(3 )  Surface deformat ions ,  which may be expec ted  due t o  thermal and 
mechanical  stresses when t h e  e n t i r e  s t r u c t u r e  is locked i n t o  
its deployed p o s i t i o n .  These may be more impor tan t  i n  
l i m i t i n g  t h e  maximum frequency of cohe ren t  o p e r a t i o n .  

We fee l  t h a t  in-depth s t u d i e s  i n  these areas, and perhaps  i n  o t h e r  areas 
we have over looked ,  are an e s s e n t i a l  p re lude  t o  any des ign  a c t i v i t i e s  and 
should be started as soon as poss ib l e .  
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Table 4-2. Antenna Requirements and Parameters 

Diameter: 10 m 

Overall Surface accuracy (AI16 at 1000 GHz): 19 pm rms 

Type: paraboloid of revolution, Cassegrain fed 

e3dB at 500 GHz: 15 arc seconds 

83dB at 1000 GHz: 7.6 arc seconds 

Cain at 500 GHz: 91 dB 

Gain at 1000 GHz: 94 dB 

Pointing accuracy: 8min/10: 0.8 arc second 

E. ANTENNA POINT1NG)AND CONTROL 

The antenna pointing system should be able to control the telescope 
position to within 0.1 of the minimum half-power beamwidth for accurate 
mapping and positioning on point sources. If we take the half-power 
beam-width, 83dB in degrees, as 

where A is  the shortest operating wavelength (300 pm) and d is the antenna 
diameter (10 m), we get 83dB = 8 arc seconds and a required pointing 
accuracy of 0.8 arc seconds. Existing star tracking systems with 1 arc- 
second accuracy are presently in use and planned pointing systems for the 
Sapce Shuttle have accuracies of-0.3 arc second. The pointing accuracy 
requirements for a 10-m submillimeter observatory are less severe than the 
requirements on the planned optical Space Telescope. 
already being carried out in space instrument pointing systems, we feel 
that further consideration can be deferred until a telescope design is 
imminent. 

Because of activities 

F. RECEIVERS 

There are two basic types of measurements to be made from a sub- 
millimeter observatory: 
resolution of well-defined spectral lines, and (2) broad-band flux density 
(or brightness temperature) measurements. 

( 1 )  narrow band spectroscopy with high frequency 
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Spectroscopy is g e n e r a l l y  accomplished at millimeter wavelengths  by 
the  use of cohe ren t  d e t e c t o r s  which are now almost e x c l u s i v e l y  c r y s t a l  
mixers  w i t h  an I F  frequency of a few GHz. 
oldest  and most wide ly  used r a d i o  detectors. 
q u a s i - o p t i c a l  t echn iques  i n d i c a t e  t h a t  rel iable c r y s t a l  detectors opera-  
t i n g  t o  600 GHz are now be ing  cons t ruc t ed .  We b e l i e v e  t h a t  f u r t h e r  
development and t h e  c o n s t r u c t i o n  of such  r e c e i v e r s  for  use i n  astronomy 
should  r e c e i v e  inc reased  f i n a n c i a l  suppor t .  

C r y s t a l  detectors are t h e  
P ro to type  r e c e i v e r s  u s ing  

Other t y p e s  of detectors for both spec t roscopy  and broad band 
d e t e c t i o n  which may be used i n  t h e  submilli’meter range  are masers, 
pa rame t r i c  a m p l i f i e r s  and down conver t e r s ,  t h e  h o t - e l e c t r o n  bolometers, 
and v a r i o u s  Josephson j u n c t i o n  devices .  Act ive  research is p r e s e n t l y  
be ing  carried ou t  on a l l  of the  above d e v i c e s  f o r  use  a t  millimeter 
wavelengths.  It is premature to  specu la t e  on what w i l l  be the  l t b e s t t t  
t echnique  for space use i n  t h e  1980Is. However, s u c c e s s f u l  developments 
a t  millimeter wavelengths  should be fol lowed immediately by work t o  ex tend  
these dev ices  t o  s h o r t e r  wavelengths. Appendix C d i s c u s s e s  t h e  c u r r e n t  
s tate of  t he  art i n  submi l l ime te r  detectors. 

C r y s t a l  mixers  can and are used as broad band detectors a l though ,  a t  
f r e q u e n c i e s  i n  t he  submi l l ime te r  r eg ion ,  i ncohe ren t  detectors,  such as 
hel ium cooled  bolometers ,  o f f e r  a s e n s i t i v i t y  advantage .  Bolometers 
o p e r a t i n g  throughout  t h e  submi l l imeter  range are p r e s e n t l y  a v a i l a b l e  and 
have high s e n s i t i v i t y .  However, the technology could  b e n e f i t  from 
a d d i t i o n a l  development a t  submi l l imeter  wavelengths .  

Even w i t h  l i m i t e d  knowledge of f u t u r e  r e c e i v e r  technology,  w e  can 
s p e c i f y  many of t h e  expected and requi red  r e c e i v e r  parameters .  F igure  
4-4 is a p l o t  of  r e c e i v e r  n o i s e  temperature  v s  f requency  f o r  many e x i s t i n g  
r ad iomete r s .  With some h e s i t a t i o n ,  one can e x t r a p o l a t e  i n t o  t h e  s u b m i l l i -  
meter r eg ion  (bounded by v e r t i c a l  l i n e s  i n  the f i g u r e )  t o  de te rmine  what 
sor t  of n o i s e  performance might be expected from f u t u r e  in s t rumen t s .  
These n o i s e  performance e x t r a p o l a t i o n s  f o r  cohe ren t  detectors are l i s t e d  
under Tsys i n  Tab le  4-3. 
(bo lometers )  o f  10-14 WHz-1/2 i n  Table 4-3 is based on p r e s e n t  technology.  

The s e n s i t i v i t y  f o r  i n c o h e r e n t  d e t e c t o r s  

The e x a c t  f r e q u e n c i e s  f o r  s p e c t r a l  l i n e  measurements depends upon 
what p a r t i c u l a r  t r a n s i t i o n s  are of s c i e n t i f i c  i n t e r e s t  a t  the  time. A 
v e r s a t i l e  t e l e s c o p e  should t h e r e f o r e  be capable o f  t u n i n g  t o  any frequency 
i n  its in tended  range of o p e r a t i o n .  It seems r e a s o n a b l e  t o  a n t i c i p a t e  
cohe ren t  s p e c t r a l  l i n e  r e c e i v e r s  which are each c o n t i n u o u s l y  t u n a b l e  
o v e r ,  s a y ,  a 10% bandwidth.  Then, us ing  both t h e  s idebands ,  s i x  tunab le  
r e c e i v e r s  could cover  t h e  e n t i r e  300-lOOO GHz range .  The i n s t a n t a n e o u s  
bandwidth should be large enough t o  cover  a range of Doppler s h i f t s  of  
600 km/s ( a 0 0  km/s) .  Table 4-3 l i s t s  t h e  i n s t a n t a n e o u s  bandwidth r e q u i r e d  
f o r  600 km/s, a long  w i t h  t h e  frequency r e s o l u t i o n  o b t a i n a b l e  w i t h  a nominal 
1000-channel spec t rometer  f o r  three a r b i t r a r y  c e n t e r  f r e q u e n c i e s .  The 
minimum detectable temperature is c a l c u l a t e d  f o r  t h e  g iven  r e c e i v e r  tem- 
p e r a t u r e ,  bandwidth of one channel ,  and one hour of i n t e g r a t i o n  time. 
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Figure 4-4. Receiver n o i s e  tempera ture  v e r s u s  f requency fo r  a 
number of r e c e i v e r s  
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Complete f requency coverage is  n o t  necessa ry  f o r  broadband f l u x  
d e n s i t y  measurements. P o s s i b l y  four continuum rad iomete r s  w i t h  a 10% 
i n s t a n t a n e o u s  bandwidth would be s u f f i c i e n t  f o r  t h e  range 300-3000 GHz. 
Table 4-3 lists four  a r b i t r a r y  f r equenc ie s  f o r  broad-band coverage 
a long  w i t h  t h e  minimum detectable power, 10% i n s t a n t a n e o u s  bandwidth 
and c a l c u l a t e d  minimum detectable f l u x  d e n s i t y  f o r  a 10 meter an tenna  
and one hour o f  i n t e g r a t i o n .  

I n  a heterodyne r e c e i v e r ,  t h e  I F  is processed by mult i - f requency 
f i l t e r  banks o r  d i g i t a l  methods t o  ob ta in  h igh  frequency r e s o l u t i o n .  
E l e c t r o - a c o u s t i c a l  and o p t i - a c o u s t i c a l  i n t e r f e r e n c e  d e v i c e s  are a l s o  
becoming a v a i l a b l e  f o r  spectrum a n a l y s i s  a t  i n t e r m e d i a t e  f r e q u e n c i e s .  
O f  a l l  of these,  t h e  d i g i t a l  devices  have t h e  advantage o f  s t a b i l i t y  
and f l e x i b i l i t y  and it seems probable t h a t  t h e  sys tem selected f o r  
use i n  space would be d i g i t a l .  The technology t o  b u i l d  a p r o t o t y p e  
system e x i s t s .  It is  desirable t o  b u i l d  such a system i n  o r d e r  t o  
perfect its des ign  and c o n t r o l l i n g  so f tware  f o r  use i n  space. 

Bolometric r e c e i v e r s  g a i n  t h e i r  high continuum s e n s i t i v i t y  p a r t i a l l y  
by t h e i r  broad bandwidth. I n  t h e  range o f  i n t e r m e d i a t e  f requency r e s o l u -  
t i o n ,  F o u r i e r  t r ans fo rm spectroscopy combines the broad-band p r o p e r t i e s  
of a bolometer w i t h  some type of f i l t e r  and a d u a l  pa th  i n t e r f e r o m e t e r  t o  
g i v e  s p e c t r a l  r e s o l u t i o n  o f  10-3 t o  10-5. 
s p e c t r a l  l i n e  su rvey  ove r  a large spectral range by t u n i n g  the  i n t e r -  
f e romete r  over  t h e  bandwidth of t h e  bolometer.  One or  a l l  of the  broad- 
band bolometers could be conf igu red  f o r  F o u r i e r  t r a n s f o r m  spec t roscopy  so 
t h a t  the whole submi l l ime te r  spectrum cou ld  be mapped for s t r o n g  unknown 
s p e c t r a l  l i n e s ,  or l i n e  bands. 

T h i s  a l lows  for a c o a r s e  
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Table 4-3. Submil l imeter  Receiver S e n s i t i v i t y  
Based on Expected Noise Performance, 
Required Bandwidth and a 10 m Antenna 

Spectroscopy Receivers 

Mini  mum Detect a b l e  
Frequency Temperature,  AT 

Frequency Expected Ins t an taneous  Resolu t ion  
( G H z )  Ts s I F  Bandwidth, d v  (1000 Channels) l h ,  max d v  l h ,  1 Ch. 

(K3r ( a 0 0  km/s) (MIiz) ( K )  ( K )  

300 800 750 MHz 1 0.001 0.03 

500 1500 1 GHz 1 0.0015 0.05 

1000 2000 2 G H z  2 0.0015 0.05 

Continuum Receivers 

Minimum Minimum Minimum 
Frequency Detec tab le  Ins tan taneous  De tec t ab le  De tec t ab le  

AP (dv=lO%) d v (10%) ( l h ,  d=10 m ,  S/N=l)  AT( lh )  (mK) 
(GHz) Power, Bandwidth Flux Dens i ty ,  S Temperature,  

(W/&) ( G H z )  (mJy) 

300 

500 

1000 

2000 

10-14 30 

10-14 50 

10-14 100 

10-14 200 

14 

8 

8 

8 

0.4 

0.2 

0.1 

0.06 
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SECTION V 

FOLLOW-UP POSSIBILITIES 

I n  p rev ious  s e c t i o n s  we focused our a t t e n t i o n  on t h e  s c i e n t i f i c  
problems which could be addressed w i t h  a 10 m t e l e s c o p e  u s i n g  c u r r e n t  
r e c e i v e r  technology. T h i s  d i s c u s s i o n  is o f  immediate v a l u e  from a 
p r a c t i c a l  viewpoint ,  but  it n e v e r t h e l e s s  i g n o r e s  t h e  growth p o t e n t i a l  
of t h e  system. I n  t h i s  s e c t i o n  we consider  p o t e n t i a l  new d e v i c e s  and 
t echn iques  t h a t  might be considered i n  any follow-up a c t i v i t y .  

A.  ANTENNAS 

Leighton has pioneered t h e  c o n s t r u c t i o n  of l a r g e - a p e r t u r e  an tennas  
c o n s t r u c t e d  of hexagonal pane l s  f o r  s u b m i l l i m e t e r  wavelengths ,  and w e  
have employed h i s  concep t s  i n  t h e  10 m des ign  d i s c u s s e d  i n  t h e  p rev ious  
s e c t i o n .  I n  t h i s  d e s i g n ,  t h e  ind iv idua l  pane l s  o f  t h e  an tenna  would be 
stowed i n  t h e  S h u t t l e  payload bay i n  a fo lded  c o n f i g u r a t i o n  f o r  launch 
and t h e  an tenna  would be deployed i n  space. An immediate e x t e n s i o n  of 
t h i s  concept  t o  achieve a larger aperture is t o  i n c r e a s e  t h e  number of 
pane l s .  The largest such antenna tha t  could be e a s i l y  accommodated i n  
t h e  S h u t t l e  would be one c o n s i s t i n g  of 37 p a n e l s  f o r  a t o t a l  diameter 
o f - 2 5  meters (assembled). F igu re  5-1 shows how t h e  25 m diameter 
telescope would be assembled from the 37 pane l s .  

An a l t e r n a t i v e  approach to  t h e  preformed s u r f a c e  p a n e l s  has been 
proposed by Melcher and S t a e l i n  o f  MIT,  based on e l e c t r o s t a t i c a l l y -  
c o n t r o l l e d  p r e c i s i o n  reflector s u r f a c e s  made o f  a very t h i n  e l a s t i c  con- 
d u c t i n g  sheet.  
( 1 )  dep loyab le  s t r u c t u r e  system, (2 )  p o s i t i o n  and shape measurement system, 
( 3 )  feedback command g e n e r a t i o n  system, and ( 4 )  command execu t ion  sys tem.  

Such an tennas  would be comprised o f  f o u r  major subsystems: 

The p r e s e n t  concept is t h a t  the  deployable  s t r u c t u r e  w i l l  c o n s i s t  o f  
two large p a r a l l e l  curved s u r f a c e s ,  one ( t h e  c o n t r o l l e d  s u r f a c e )  which is 
the  r e f l e c t o r ,  and a backup s u r f a c e  ( t h e  command s u r f a c e ) .  T h i s  second 
s u r f a c e  could vary s lowly w i t h  time due t o  thermal o r  o t h e r  causes  wi thou t  
p e n a l t y .  Electric f o r c e s  between these  two s u r f a c e s  shape t h e  c o n t r o l l e d  
s u r f a c e .  Both s u r f a c e s  would be-5 pm t h i c k  and suspended as diaphragms 
from a r i g i d  r i m .  

P o s i t i o n  and shape measurement can be accomplished by scanned 
o p t i c a l  systems. The c o n t r o l l e d  su r face  c a n ,  i n  p r i n c i p l e ,  be measured 
w i t h  an  accuracy better than -1 pm using a laser i n t e r f e r o m e t e r .  
measurement times o f - 1  s are sought .  The s u r f a c e  can be o p t i c a l l y  
referred t o  both t h e  antenna feed assembly and celest ia l  c o o r d i n a t e s .  
Although t h i s  concept is not  s u f f i c i e n t l y  developed t o  p rov ide  t h e  first 
g e n e r a t i o n  submi l l ime te r  wave t e l e scope ,  t h e  concept  has  t h e  p o t e n t i a l  for 
l e a d i n g  t o  very large (>3O m )  submil l imeter  an tennas .  

System 
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B. COHERENT R E C E I V E R S  

The n o i s e  l e v e l  of  an  idea l  coherent  r e c e i v e r  ampl i f ie r  of elec- 
4- ,,& vAua5L,etic n.* waves is : 

where 

5 = n o i s e  power d e n s i t y  ( W  hz-1) 

h = Planck ' s  Constant  

k = Boltzmann's c o n s t a n t  

v = f requency 

T = t empera ture  o f  sou rce  ( i n t e r n a l  p l u s  e x t e r n a l  sou rce  of  n o i s e )  

The first term i n  pa ren theses  is black-body r a d i a t i o n ;  t h e  second 
term arises from spontaneous emission i n  t h e  a m p l i f i e r .  I n  t h e  l i m i t  
of low tempera tures  and high f requencies ,  t h e  n o i s e  power d e n s i t y  is  
g iven  by 

and t h e  e q u i v a l e n t  n o i s e  temperature  by 

hv  
TR = - 

k 

T h i s  is t h e  quantum l i m i t  shown i n  Figure 4-4. 
figure t h a t  even t h e  "goodtt r e c e i v e r s  are an  o r d e r  of  magnitude less 
s e n s i t i v e  than  is t h e o r e t i c a l l y  poss ib l e .  Thus  w e  a n t i c i p a t e  t h a t  order-  
of-magnitude improvement i n  r e c e i v e r  n o i s e  performance is p o s s i b l e  wi th in  
t h e  framework o f  fundamental  l i m i t a t i o n s .  T h i s  improvement f a c t o r  is  no t  
a v a i l a b l e  from t h e  ground because atmospheric f l u c t u a t i o n s  and emiss ions  
do n o t  a l low t h e  quantum l i m i t  t o  be reached. We can a l r e a d y  a n t i c i p a t e  
t h a t  masers and Josephson j u n c t i o n  d e t e c t o r s  can g i v e  us  a f a c t o r  o f  three 
improvement over  t he  rtgood't r e c e i v e r s  used as a b a s e l i n e  i n  t h i s  r e p o r t .  

It can be seen  i n  t h i s  
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APPENDIX A 

EFFECT OF THE ATMOSPHERE ON GROUND BASED 
AND AIRBORNE OBSERVATIONS 

We are concerned wi th  two effects when c o n s i d e r i n g  i n t e n s i t y  
measurements of  as t ronomica l  o b j e c t s  from wi th in  t h e  atmosphere:  
a b s o r p t i o n  of i n c i d e n t  r a d i a t i o n ,  and an i n c r e a s e  i n  n o i s e  due t o  
emission by atmospheric  gases. Absorption by t h e  atmosphere may be 
expressed  as 

where T ( v )  is t h e  observed antenna tempera ture ,  T * ( v )  is  t h e  e q u i v a l e n t  
an tenna  tempera ture  as it would be observed o u t s i d e  t h e  atmosphere,  
andTv ( h , 8 )  is t h e  o p t i c a l  depth through the  atmosphere from a h e i g h t ,  
h ,  above mean sea l e v e l  a t  a z e n i t h  ang le  of 8. Waters (1976) has 
descr ibed  i n  de ta i l  the  abso rp t ion  and emission o f  microwave r a d i a t i o n  
by atmospheric  gases. Trea t ing  t h e  atmosphere as p l a n e - p a r a l l e l  ( a c c u r a t e  
t o  1% f o r  8 < 70°), 

T,, (h,B) = sec 8 Kv(h')dh'  im 
where K v ( h ' )  is  t h e  volume absorp t ion  c o e f f i c i e n t  a t  a frequency v 
and a he ight  h ' .  

I n  computing t h e  models f o r  atmospheric t r anspa rency  (F igu re  A - 1 )  
and e f f e c t i v e  system tempera ture  for  earth-based r e c e i v e r s  (F igu re  A-2), 
we have used t h e  U.S. S tandard  Atmosphere (1962) f o r  t h e  tempera ture  
and p r e s s u r e  v a r i a t i o n  wi th  a l t i t u d e .  We have c a l c u l a t e d  t h e  capacity 
due to  02 t r a n s i t i o n s  us ing  a k i n e t i c  l i n e  shape ,  and due t o  H20 t r a n s i -  
t i o n s  inc lud ing  an empirical l ine-shape c o r r e c t i o n  as descr ibed  by 
Waters (1976) .  The mixing r a t i o  of water was taken as 4 x 10-6 i n  
t he  a l t i t u d e  range of 15 - 70 km. Below 15 km, t he  mixing r a t i o  of  
water was assumed t o  have a scale height  of  2 km, w i t h  t h e  s u r f a c e  
volume d e n s i t y  treated as a parameter (see Table A-1). The c a l c u l a t i o n  
was te rmina ted  a t  an a l t i t u d e  of 70 km. 

I n  F igure  A - 1 ,  we have p l o t t e d  T~ ( h ,  8 = 45') f o r  parameters 
characterist ic of Mauna Kea, Hawaii ( o r  perhaps White Mountain, C a l i f o r n i a )  
and the  t y p i c a l  o p e r a t i n g  cond i t ions  of the  Kuiper Airborne Observatory.  
The parameters  are given i n  T a b l e  A-1 .  The h o r i z o n t a l  l i n e  f o r  T = 1 
may be considered t h e  po in t  a t  which obse rva t ions  become d i f f i c u l t ,  
while t h e  l i n e  f o r  T = 2.3  ( o r  10 dB of  a b s o r p t i o n )  r e p r e s e n t s  n e a r l y  
imposs ib l e  observ ing  c o n d i t i o n s .  Except i n  t he  c o r e s  of  t h e  a tmospher ic  
l i n e s ,  t h e  atmosphere is essentially t r a n s p a r e n t  above t h e  t ropopause  
b u t ,  except  f o r  a few small windows, ground based o b s e r v a t i o n s  are l i m i t e d  
t o  f r equenc ie s  l e s s  than 440 GHz.  
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Table A-1 .  Parameters of S i tes  used i n  Atmosphere 
Model C a l c u l a t i o n s  

Water Volume Densi ty  P r e c i p i t a b l e  
Location A l t i t u d e  a t  Sea Level  Water 

Mauna Kea, H I  4.08 

NASA C-141 12.5 

1.5 mm 

6 Pm 

I n  add i t ion  t o  weakening t h e  incoming s i g n a l ,  emiss ion  by atmos- 
phe r i c  gases c o n t r i b u t e s  t o  t h e  t o t a l  system temperature which tempera ture  
averaged over a l l  t h e  sou rces  i n  t h e  beam ( ~ 3  K ,  s i n c e  c o n t r i b u t i o n s  
from d i s c r e t e  sou rces  can g e n e r a l l y  be i g n o r e d ) ,  and T A T M ( V )  is  t h e  
a tmospheric  b r i g h t n e s s  tempera ture  

where TKIN(h')  is the  k i n e t i c  tempera ture  of  t h e  a tmospher ic  gases  
a t  he igh t  h '  and -rV ( h , h ' , 8 )  i s  t h e  o p t i c a l  d e p t h  between h e i g h t  h and 
height  h '  a long  a p a t h  of z e n i t h  ang le  8 ,  

T v ( h , h ' , 8 )  = sec8 Kv(h ' )  dh 

f o r  a p lane -pa ra l l e l  atmosphere.  
t h e  atmosphere,  w e  can then  d e f i n e  a s igna l - to -no i se  r a t i o  as 

I f  we have a s i g n a l  T*(v )  o u t s i d e  

T h i s  may be compared t o  t h e  s igna l - to -no i se  r a t i o  which the  same r e c e i v e r  
would have o u t s i d e  t h e  earth's atmosphere 

T*(V) 

TREC + 2.7 
SNR* = 

A-4 

(6) 
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If we compare Equat ions  ( 5 )  and (61, we may d e f i n e  an !!effective!! system 
tempera ture  f o r  a r e c e i v e r  i n  t h e  atmosphere,  

which may be thought  o f  as t h e  e f f e c t i v e  system t empera tu re  o f  a r e c e i v e r  
o u t s i d e  t h e  atmosphere which o b t a i n s  t h e  same s igna l - to -no i se  r a t i o .  
A s  we i n c r e a s e  t h e  a l t i t u d e  o f  our  r e c e i v e r ,  
and Equat ion ( A - 5 )  reduces  t o  t h e  extra-atmospheric  case 

and TATM d e c r e a s e ,  

I n  F igu re  A-2, we have p l o t t e d  t h i s  e f f e c t i v e  system tempera ture  
f o r  d i f f e r e n t  l o c a t i o n s  w i t h i n  t h e  e a r t h ' s  atmosphere.  For  t h e  i n t r i n s i c  
r e c e i v e r  n o i s e  tempera ture ,  we have adopted a formula sugges ted  by Penz ia s  
( p r i v a t e  communication, 1975) t h a t  r e c e i v e r  developments w i th in  t h e  
nea r  f u t u r e  should lead t o  r e c e i v e r  tempera tures  approximate ly  equa l  
t o  t h e  o p e r a t i n g  frequency i n  GHz. Figure  A-2 r e p r e s e n t s  t h e  ideal 
case o f  a r e c e i v e r  looking  d i r e c t l y  a t  the  z e n i t h ;  i n  t h e  case of  a 
r e c e i v e r  looking  o b l i q u e l y  through t h e  a tmosphere,  t h e  performance 
w i l l  degrade i n  p ropor t ion  t o  sec  8. The lower envelope of  t h e  curve  
f o r  t h e  C-141 r e p r e s e n t s  the  r e c e i v e r  performance i n  space ( E q .  8 ) .  

F igu re  A-2 is a l s o  u s e f u l  for a c o s t - b e n e f i t  a n a l y s i s .  If, f o r  
example, it were determined t h a t  obse rva t ions  from t h e  S h u t t l e  were 
100 times as expensive as ground-based o b s e r v a t i o n s ,  we would then  
r e q u i r e  our  r e c e i v e r  t o  be W O  times more s e n s i t i v e  i n  space  than  
on t h e  ground. Then, a t  any frequency a t  which the  e f f e c t i v e  system 
tempera ture  exceeded the  va lue  of an e q u i v a l e n t  r e c e i v e r  i n  space  by 
10 o r  more, obse rva t ions  i n  space would be more c o s t  e f f e c t i v e .  Again, 
t h i s  r e p r e s e n t s  an ideal  case. I n  r e a l  l i f e ,  however, a tmospher ic  
e x t i n c t i o n  w i l l  be v a r i a b l e ,  and t h i s  i n  t u r n  w i l l  l i m i t  t h e  a b i l i t y  
of  r e c e i v e r s  t o  reduce n o i s e  by i n t e g r a t i o n .  (Millimeter obse rve r s  
have a l l  experienced very i r r e g u l a r  spectral b a s e l i n e s  caused by c louds ;  
f o r  example, under such circumstances,  l onge r  i n t e g r a t i o n s  w i l l  n o t  
improve t h e  q u a l i t y  of t h e  s p e c t r a .  

A graphic way of looking  a t  the effect  o f  a tmospher ic  a t t e n u a t i o n  
is t o  c o n s i d e r  t he  a t t e n u a t i o n  as decreas ing  t h e  e f f e c t i v e  area of  
t h e  an tenna .  The dashed l i n e  i n  Figure A-3 shows t h e  maximum u s a b l e  
f requency  p l o t t e d  a g a i n s t  maximum p r a c t i c a l  antenna diameter from t h e  
in fo rma t ion  given f o r  ground-based t e l e scopes .  When obse rv ing  through 
a l o s s y  atmosphere w i t h ,  f o r  example, a 20-dB l o s s ,  t h e  amount of s i g n a l  
i s  reduced by a f a c t o r  of 100, and t h e  antenna would be e q u i v a l e n t  
t o  an an tenna  o u t s i d e  the  atmosphere w i t h  1/100 of  t h e  area o r  1/10 
t h e  diameter. The s o l i d  l i n e  i n  Figure A-3 shows t h e  ! !e f fec t ive  diameter!' 
of a ground-based t e l e s c o p e  looking  through a l o s s y  atmosphere t y p i c a l  
of  t h a t  a t  t h e  K i t t  Peak s i t e .  For i n s t a n c e ,  t h e  largest  antenna t h a t  
could be cons t ruc t ed  on the  ground, usable a t  400 G H z ,  would be about  
12-m diameter. #hen looking  through t h e  a tmosphere,  it would r e c e i v e  
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on ly  as much energy as an 8-m antenna  o u t s i d e  t h e  atmosphere.  An 
11-m antenna a t  600 GHz would r e c e i v e  on ly  as much energy as a IO-cm 
antenna  i n  space! 

I n  the  prev ious  d i s c u s s i o n s ,  w e  have assumed t h a t  t h e  molecules  
H 2 0  and 02 are the s o l e  sou rce  of t h e  o p a c i t y .  Ozone is the  nex t  most 
impor tan t  source  of o p a c i t y .  There are some 65 t r a n s i t i o n s  o f  ozone 
between 60 and 300 G H z .  A t  sea l e v e l ,  t h e  s t r o n g e s t  has an o p t i c a l  
depth  o f - 0 . 3 ,  g i v i n g  a sky  b r i g h t n e s s  o f - 6 0  K ,  which is n o t  much 
worse than the  effect  of t h e  22 G H z  water l i n e .  Other a tmospheric  
c o n s t i t u e n t s  have even less  effect  on a tmospher ic  t ransparency .  
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APPENDIX B 

THE PHYSICAL LIMITATIONS OF GROUND-BASED A N T E N N A S  

Cogdell  & a ( 1970) have completed a survey  of  millimeter an tennas  
now i n  use ,  which is l i s t e d  w i t h  some a d d i t i o n s  i n  Table B-1. The p h y s i c a l  
l i m i t a t i o n s  of  these antennas  are determined p r i m a r i l y  by t h e  accuracy  of 
the i r  r e f l e c t i n g  s u r f a c e s ,  which determines t h e  s h o r t e s t  wavelength a t  
which t h e  an tennas  can o p e r a t e .  Gravity load ing ,  wind l o a d i n g ,  and thermal 
g r a d i e n t s  a l l  act  t o  d i s t o r t  t h e  surface of a ground-based an tenna .  A 
p a r a b o l i c  antenna w i t h  an rms devia t ion  o f  t h e  surface, E ,  h a s  an e f f e c t i v e  
area g iven  by t h e  approximate expression.  

where h is the  o p e r a t i n g  wavelength ( C h r i s t i a n s e n  and Hogbom 1969).  
F igu re  B-1 shows t h e  loss i n  e f f e c t i v e  a p e r t u r e  as a f u n c t i o n  of  € / A .  
A s  a rule-of-thumb, the  wavelength equal t o  16 times t h e  rms surface 
d e v i a t i o n s  ( A  = 1 6 r )  is de f ined  as the s h o r t e s t  wavelength a t  which 
a t e l e s c o p e  can o p e r a t e .  There is a 3-dB loss i n  an tenna  g a i n  a t  t h i s  
wavelength and t h e  g a i n  is r a p i d l y  decreas ing .  

F i g u r e  B-2 shows, f o r  a v a r i e t y  o f  an tennas ,  a p l o t  o f  antenna 
diameter as a f u n c t i o n  of minimum usable wavelength.  It can be seen  
t h a t  there is a d e f i n i t e  c o r r e l a t i o n  between an tenna  diameter and mini- 
mum u s a b l e  wavelength. Von Hoerner (1967) has i n t e r p r e t e d  t h i s  f i g u r e  
i n  terms of  three n a t u r a l  l i m i t s  f o r  t h e  s i z e  o f  ground-based steerable 
an tennas .  These are a thermal -def lec t ion  l i m i t ,  a g r a v i t a t i o n a l - d e f l e c t i o n  
l i m i t ,  and a maximum-stress l i m i t .  The g r a v i t a t i o n a l  and thermal l i m i t s  
de r ived  by von Hoerner are shown i n  F igure  B-2 as d o t t e d  and dashed 
l i n e s ,  r e s p e c t i v e l y .  These l i m i t s  are i n  no sense  a b s o l u t e  s i n c e  t h e y  
can be overcome by des ign .  Thus, a special Ilhomologously deforming1' 
des ign  pe rmi t s  the  Bonn 100-rn t o  opera te  i n  excess  of  t h e  g r a v i t y  l i m i t ,  
w h i l e  s h i e l d i n g  t h e  antenna from d i r e c t  s u n l i g h t  improves t h e  performance 
o f  t h e  NRAO 11-m t e l e s c o p e .  

Based on the  r e s u l t s  ob ta ined  with ground-based an tennas ,  a 10-m 
antenna  o p e r a t i n g  t o  wavelengths of 300 pm should r e q u i r e  no eng inee r ing  
breakthroughs .  The eng inee r ing  cha l lenge  l i es  i n  us ing  t h e  g r a v i t y - f r e e  
space  environment t o  des ign  even larger an tennas .  

B- 1 
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APPENDIX C 

REVIEW OF SUBMILLIMETER WAVE MIXERS* 

Malcolm McColl 
The Ivan A. Getting Laboratories 

The Aerospace corporation 
El Segundo, CA 90245 

Abstract  

A su rvey  of heterodyne mixers is p resen ted  fo r  the wavelengths of 40 p m  to  1000 p m  as repor t ed  in the 
l i t e r a t u r e  to  date .  

I. Introduction 

The pr inc ip le  concerns  in the choice of a heterodyne m i x e r  a r e  i t s  sensi t ivi ty ,  bandwidth, and  ope ra t -  
ing t empera tu re .  
bandwidth device.  These  f ea tu res  plus  i t s  high sensitivity have made  it the m o s t  widely used  m i x e r  e lement  
at microwave  and mi l l ime te r  wavelengths and the m o s t  extensively explored mixing device a t  submi l l imeter  
wavelengths.  The Josephson junction m i x e r ,  a cryogenic device,  h a s  yielded outstanding sens i t iv i t ies  well 
into the submi l l imeter  and is d iscussed  in  Sect ion 111. Photoconductive m i x e r s ,  which m u s t  a l so  be  cooled 
to liquid h e l i u m  t empera tu res ,  a r e  d iscussed  in  Section IV. 
devices ,  two of which, the hot  c a r r i e r  diode and the super-Schottky diode, may  be  s t rong  contenders  i n  the 
submi l l imeter  i n  the n e a r  future .  

The Schot tky-bar r ie r  diode m i x e r ,  d i scussed  in Sect ion 11, is a r o o m  t e m p e r a t u r e  wide 

Sect ion V cove r s  s e v e r a l  o ther  types  of mixing 

As a gene ra l  rule m i x e r s  r equ i r e  the o r d e r  of 1 milliwatt of loca l  osc i l la tor  (LO) power (de l ivered  to 
the diode)  for  eff ic ient  mixing. 
mixers are, however ,  notable exceptions. 
below the mi l l iwat t  l eve l  and could be provided by harmonic generat ion.  
LO s o u r c e s  are  not  cons idered  i n  this paper :  for  discussions on  r ecen t  s u b m i l l i m e t e r / F I R  l a s e r  develop- 
men t s ,  the  r e a d e r  is r e f e r r e d  to s e v e r a l  a r t i c l e s  on the subjec t  in this Proceedings .  

The super  -Schottky, hot e lec t ron  photoconductive and Josephson junction 
Thei r  LO requi rements  fall one,  o r  m o r e ,  o r d e r s  of magnitude 

The avai labi l i ty  and qual i ty  of 

II. Schottky-Barr ier  Mixers  

Of the va r ious  devices  explored as m i x e r s  a t  submi l l imeter  wavelengths,  the Schot tky-bar r ie r  diode 
h a s  rece ived  the g r e a t e s t  attention.. Its inherent  sensitivity, wide bandwidth, r o o m  t e m p e r a t u r e  operat ion,  
and mechanica l  s tab i l i ty  m a k e  i t  a n  a t t r ac t ive  choice for a va r i e ty  of s y s t e m  applications. 

A Scho t tky -ba r r i e r  diode cons is t s  of a m e t a l  contact deposi ted on a semiconductor  subs t r a t e .  The diode 
c u r r e n t  voltage ( I -V)  cha rac t e r i s t i c  is given to a good approximation by(1) 

where  q is  the e lec t ronic  charge ,  T is the t empera tu re ,  k is S o l t z m a n ' s  constant ,  io is the sa tura t ion  
c u r r e n t  and is de te rmined  by the a r e a  and m a t e r i a l  p a r a m e t e r s  of the diode, and n is the ideal i ty  fac tor  
which is approximate ly  unity for  low- to moderately-doped ma te r i a l s .  
between I a n d  V is respons ib le  fo r  the success  of the  Schottky diode as a de tec tor  and mixe r .  

Thisd iode  o p e r a t e s  as a mixer in  a fashion typical  of the rectifying type of diode(2) .  

This  highly nonl inear  re la t ionship  

A l a r g e  LO vol-  
tage is i m p r e s s e d  on the diode to obtain a heavily-modulated t ime-dependent  conductance g ( t ) ,  a function 
which is per iodic  in the  LO frequency f l .  In the presence  of a sign21 voltage at  f requency  fs .  c u r r e n t s  and 
vol tages  a r e  gene ra t ed  at the in te rmedia te  f requency fIF = If1 - f s l .  ( F o r  example,  analyt ical ly  a s inusoidal  
IF c u r r e n t  is produced  f r o m  the product  of the sinusoidal s igna l  voltage and the fundamental  F o u r i e r  c o m -  
ponent of g(t) .  ) F o r  low LO powers ,  the efficiency of this convers ion  p r o c e s s  is a s t rong  function of q V l / n k T  
where  VI is the ampli tude of the LO voltage. With la rge  LO power the convers ion  efficiency of the device 
s a t u r a t e s  at a va lue  de te rmined  by the impedance terminat ions on its input and output po r t s .  

T h e  sens i t iv i ty  of a m i x e r  ( r e c e i v e r )  is express ib le  in  t e r m s  of e i ther  its m i n i m u m  detectable  power 
MDPM (MDPR) o r  i t s  mixer ( r e c e i v e r )  noise  tempera ture  TM(TR).  
expres s ion  

T h e s e  quant i t ies  a r e  r e l a t ed  by the 

MDPM,R = T ~ , ~ B ~ ~  

w h e r e  k is Bol tzman ' s  constant  and BIF is the I F  bandwidth. T M  and TR are given by 

T M  = Lc Td 

* 
This work  w a s  suppor ted  by The  Aerospace  Corporation on company-financed funds. 
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and 

whcrc  L c  is the convcrsion l o s s  of the m i x c r ,  defined as  thc  r a t io  of available powcr f r o m  the R F  s o u r c e  
to the power absorbed in  the IF load. 
ampl i f i e r ,  respectively.  

T d  and TIF a r e  the noise  t e m p e r a t u r e s  of the m i x e r  diode and IF 
Hence in  fabricating a m i x e r ,  u t m o s t  attention m u s t  b e  paid to minimizing Lc. 

Conversion l o s s  Lc of a mixer in  a tunable mount is conveniently e x p r e s s e d  as  the  product  of t h r e e  
t e rms(3 ,49  5)  

Lc = LoL1L2. ( 5 )  

The in t r in s i c  conversion l o s s  Lo is the l o s s  a r i s ing  f r o m  the conversion p r o c e s s  within the  nonlinear r e s i s -  
t ance  of t he  diode and inc ludes  the impedance mismatch l o s s e s  a t  the R F  and IF por t s .  Analysis  of LO as  a 
function of qVl /nkT  fo r  a p rope r ly - t e rmina ted  sinusoidally-pumped broadband mixer y ie lds  the  r e s u l t  
shown i n  Fig.  1. The  LO of a Scho t tky -ba r r i e r  m i x e r  has been  recent ly  analyzed as a function of diode d ia -  
m e t e r ,  impedance, t e m p e r a t u r e  and  the Richardson cons tan t  of the  semiconductor  and found to  i n c r e a s e  as  
any one of these  quant i t ies  is reduced(6) .  
l o s s e s  assoc ia ted  with the p a r a s i t i c  e l emen t s  of t he  diode. 

The  R F  and IF p a r a s i t i c  losses,  L1 and L2,  respec t ive ly ,  a r e  the 
These  losses a re  given by 

L2 = 1 t -  R S  

R2  
( 7 )  

where  R, and C a re  the p a r a s i t i c  spreading r e s i s t a n c e  and junction capac i tance ,  respec t ive ly ,  as  shown in  
Fig.  2 ,  and  ui i s  the s igna l  angular  frequency. R, i s  the r e s i s t a n c e  which r e s u l t s  from the crowding of the 
c u r r e n t  i n  the semiconductor n e a r  the me ta l  contact.  
pumped nonlinear r e s i s t a n c e ,  and R2 is the IF load impedance. The l L 2  dependence of the th i rd  t e r m  in  ( 6 )  
is r e spons ib l e  for the  degradat ion in  the pe r fo rmance  of Scho t tky -ba r r i e r  m i x e r s  a t  high f requencies .  
e v e r ,  both L1  and Lz a re  geomet ry  and m a t e r i a l  dependent,  and it is by the manipulation of t hese  depen-  
denc ies  i n  the design of the diode that one r e d u c e s  Lc a t  high f requencies .  
e f fec t  res i s tance(8 ,  59) is being neglected r e l a t ive  to R,. In gene ra l ,  th i s  is a n  overs impl i f ica t ion  but an  
acceptab le  one for op t imum diode g e o m e t r i e ~ ( ~ 9  19). ) 

R is the s igna l  input impedance of the  loca l  o sc i l l a to r  

How- 

(Note added in  proof: The skin 

zt 1 
0 1  I I I I I I I I I 
0 1 2  3 4 5 6 7 8 9 10 

n k T  
9 

Fig. 1. Intrinsic conversion l o s s  as  a function of 
local o sc i l l a to r  d r i v e  fo r  a Schottky - 
b a r r i e r  mixer with opt imum coupling. 

F ig .  2. Equivalent c i r c u i t  
of a Schottky- 
b a r r i e r  diode. 

A s t ra ight forward  method fo r  minimizing the th i rd  t e r m  in  ( 6 )  is reducing C. Capaci tance is p r o p o r -  
t ional to area,  and contac t  d i a m e t e r s  of 1 to  2 p m  obtained by photoli thographic techniques a r e  common a t  
mi l l ime te r  and submil l imeter  wavelengths.  A dimension of 1 p m ,  however ,  is n e a r  the photoli thographic 
limit. Using electron l i thography, d i a m e t e r s  a s  small a s  0. 1 pm have been obtained. ( 5 )  Submic ron- s i ze  
diodes a r e  useful in  open o r  nontunable mounts  as  s ingle  contac t  diodes and in  tunable mounts  a s  mul t ip le  
contact (contact a r r a y )  diodes.  Th i s  l a t t e r  geometry.  i s  d i scussed  below. 

The loss t e r m s  in  ( 6 )  and ( 7 )  a r e  propor t iona l  to R,, which in t u r n  is inve r se ly  propor t iona l  to the 
mobility of the semiconductor.  N-type GaAs h a s  a l a r g e  mobili ty,  o p e r a t e s  a t  r o o m  t empera tu re ,  and is 

c-2 



commerc ia l ly  available.  
mixers uti l ize this  ma te r i a l .  

F o r  these  r easons  nea r ly  a l l  mi l l imeter  and  submi l l ime te r  wave Scho t tky -ba r r i e r  

The epi taxial  diode s t r u c t u r e  shown in Fig.  3 i s  the s tandard  des iga  i n  high f requency  Scho t tky -ba r r i e r  
m i x e r s .  (7-11) The epitaxial  l a y e r  is grown v e r y  thin ( a s  s m a l l  a s  l O O O A )  and the s u b s t r a t e  is v e r y  heavily 
doped in  o r d e r  to  r educe  the diode spreading r e s i s t  Moderate doping is chosen  fo r  the epi taxial  l a y e r  
so as to min imize  the diode noise  t empera tu re  TD. 7'') For usage  a t  mi l l ime te r  and  submi l l ime te r  wave- 
lengths ,  diode d i a m e t e r s  with mic ron  d imens ions  a r e  used to reduce  the effects  of C. 

ce. 

INSULATOR 
EPITAXIAL LAYER 

SUBSTRATE 

OHMIC BACK CONTACT 

Fig .  3 .  The s t r u c t u r e  of an epi taxial  Schottky- 
b a r r i e r  diode. With n-GaAs the ep i layer  
doping is 1 to 4 x 1017 c m - 3  and the sub-  
s t r a t e  doping is 2 to 5 x 1018 ~ m - ~ .  

Contact to  a Schot tky-bar r ie r  diode is made  by a whisker,  a s  shown in Fig.  3. The whisker functions 
a s  a n  antenna to couple R F  radiation to the junction, couple I F  power out, and supply the r equ i r ed  DC bias.  

The  contact a r r a y  diode h a s  been  proposed  as a favorable a l ternat ive to  the epi taxial  diode as a s e n s i -  

I 

t ive high frequency mixe r .  ( 5 )  
ing a s t r u c t u r e  cons is t ing  of a l a r g e  number of s m a l l  Schot tky-bar r ie r  diodes connected in  pa ra l l e l .  
number  chosen  is suff ic ient ly  l a r g e  to maintain a low value of Lo. 
0. 3 5  p m  in d i a m e t e r ,  have been  fabr ica ted  but not yet  tested. 
the diode, and  Fig.  5 shows a scanning e lec t ron  microscope  (SEM) photograph of s e v e r a l  l i nea r  contac t -  
a r r a y  diodes r ecen t ly  fabr icated.  (5)  

ma jo r i ty  c a r r i e r  concent ra t ion  because  of p l a sma  frequency cons idera t ions .  c p 3 )  Calculations by Aukerman 
show excess ive  R F  p a r a s i t i c  l o s s e s  f o r  f requencies  nea r  the p l a s g a  resonance  of t h e  semiconductor.(14) 
The p l a s m a  re sonance  of n-type(@fs a t  a doping of 1 x 1017 c m -  is approximate ly  34 pm;  fo r  
5 x 10 l8  ~ r n - ~  it is n e a r  15 pm. 
tion would appea r  to  b e  the p rope r  choice i n  the vicinity of 40 pm. 
Schottky diodes at high f requencies  i s  that  conduction in  the device is the r e s u l t  of a tunneling p r o c e s s ( 1 6 ) ;  
c l a s s i c a l  t r a n s i t - t i m e  l imitat ions which would at tenuate  the s igna l  and loca l  o sc i l l a to r  ha rmon ics  a r e  
avoided( l7 * 18). 

This  diode achieves  a low spreading r e s i s t ance ,  and  hence  low L l ,  by ut i l iz-  

A r r a y s  with m o r e  than 100 d iodes ,  each 
F i g u r e  4 i s  a ske tch  of the c r o s s  sect ion of 

The  

F o r  opera t ion  at wavelengths less than 50 pm, special  attention m u s t  b e  aid to  the choice of the 

Consequently, Schottky diodes uniformly doped to the l a t t e r  concent ra -  
Another advantage  of heavily doped 

The function of the mixe r  mount is to both couple the radiation to the diode and provide  a method to 
reac t ive ly  tune out t he  capacit ive C. 
method a t  mic rowave  and mi l l ime te r  wavelengths,  and these a r e  available commerc ia l ly  fo r  f r equenc ie s  up 

The u s e  of single mode waveguide mixe r  mounts is the s t anda rd  

' to 325 GHz. 

A group a t  The  Aerospace  Corporation is developing a 600 GHz single  mode  waveguide mixe r  mount 
i n t eg ra t ed  with a h o r n  antenna to couple incident radiation to the waveguide s t r u c t u r e .  
t o r y  a group is designing a diode-mount configuration for 600 GHz opera t ion  based  on  a p lanar  t r ansmiss ion  
l ine s t ruc tu re .  (19) 
Proceedings .  Gus t inc ic (28)  is developing a 600 GI<z quasi-optical  mixe r  mount consisting of a biconical 
ho rn  antenna with the diode s i tuated a t  the gap of the antenna. 
which conver t s  the power to a n  R F  voltage a c r o s s  the diode. Tuning is provided by a cu rved  back- shor t  
s t r u c t u r e .  

At  Lincoln L a b o r a -  

This  a p roach  i s  covered  in  detai l  by F e t t e r m a n  in  a n  accompanying a r t i c l e  i n  this  

Incident radiat ion is focused  on the antenna 
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Fig .  4. The s t ruc tu re  of a contac t  a r r a y  diode. To  F ig .  5. An SEM photograph of p r e l i m i n a r y  l i nea r  

l aye r  no rma l ly  p r e s e n t  h a s  been s t r ipped  
away to  p e r m i t  viewing of the  e n t i r e  
s t ruc tu re .  ( 5 )  

reduce sk in  effect  losses, ohmic contac ts  con tac t - a r r ay  diodes.  The  insulating 
a r e  made on the  top  su r face  encompassing 
the  l inear  a r r a y  on both s ides .  

Table I. Reported r e su l t s  with r o o m  t e m 2 e r a t u r e  n-type GaAs Scho t tky -ba r r i e r  m i x e r s .  

Wavelength 
(Pm) 

70-1222 

118 

170 

337 
44 7 

89 1 

9000  

600 

I 
600 

Mixer  
MDP 

-1 
(WHz ) 

Refe rences  

Hodges and McColl(13) 
F e t t e r m a n ,  et al .  (21922) 

( 2 0 )  
5 1 0 - l ~  1 

Gus tinci c 

F e t t e r m a n ,  e t  al. ('" 2 2 )  

1 0 - l ~  
-16 2 x 10 

Schneider  and Wrixon' 2 3 )  - 19 1300 1300 1 . 7  x 10 
(24)  Goldsmith and P l a m b e c k  -19 1300 1000  1 . 2  x 10 

337 (Poin t  10-15 - 10-16 Blaney, e t  al. (27)  

337 Contact)  1 0 - l ~  Zuidberg and Dymanus (29) 

337 

500 

1000 

( 3 0 )  

(2 5) 
1 0 - l ~  R e i n e r t  

2 x 1 0 - l 8  P a c k a r d  
(26)  6 x Baue r ,  e t  al. 

Table  I s u m m a r i z e s  heterodyne r e s u l t s  with Scho t tky -ba r r i e r  diodes opera t ing  a t  r o o m  t empera tu re .  
The f igure  of m e r i t  cut-off f requency f c  = ( 2 n R s  C0) - l  is ca lcu la ted  f r o m  the z e r o  b i a s  capaci tance Co and 
the  m e a s u r e d  dc ser ies  r e s i s t ance  R s  of the  diode. 
diode a Hodges and 
McCollrp3) using 1 / 2  pm d iame te r  contacts on 5 x 10 l8  c m - 3  n-GaAs w e r e  ab le  to extend the Schottky diode 
a s  a mixer to 70 p m  and a s  a video de tec tor  to  42 ~ m ( ~ ) .  
mount with no provision f o r  tuning out the r e a c t a n c e s  of t he  diode and whisker  antcnna. Gus t inc ic ' s  r e s u l t  
a t  447 pm was obtained using a Lincoln L a b  diode mounted in  the quas i -opt ica l  mount  d i scussed  above. ( 2 0 )  
The r e s u l t  of Schneider and W r i ~ o n ( ' ~ )  a t  1300 pm using a s ingle  mode waveguide mount was obtained with 
insuf f ic ien t  LO power.  
had been available. 

F e t t e r m a n ,  e t  a l .  ( 2 1 * 2 2 )  using a n  n-CaAs epitaxial  
roximately 1 m i c r o n  in  d i ame te r  obse rved  mixing a t  wavelengths as s h o r t  a s  118 pm. 

Both of t h e s e  e f for t s  u s e d  a n  open s t r u c t u r e  m i x e r  

One would conclude tha t  the MDP could have been d r iven  lower  i f  m o r e  LO power 
Goldsmith and Plarnbeck(24) a t  1300 p m  employed second ha rmon ic  pumping. 
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Also shown f o r  comple teness  in  Table I a r e  s e v e r a l  r e su l t s  with point contact diodes f o r m e d  on n-GaAs. 
Since t h e r e  is  a lways  an  uncer ta in ty  as t o  the na tu re  of point contac t  devices ,  they a r e  shown h e r e  a s  a sub-  
c l a s s  of Schottky diodes. 
s ingle  mode  waveguide mounts.  
c r o s s e d  w ve  uide configu 
Dymanus,T29fand Reinertb8\ w e r e  with an  n-GaAs diode in a n  open striicturc=: 

The r e s u l t s  of P a ~ k a r d ( ~ ~ )  and Bauer  e t  al .  (26) w e r e  obtained with n-GaAs and  
The 500 p m  r e s u l t  of P a c k a r d ( j 5 )  used  second ha rmon ic  pumping and a 

ion fo r  the mount. The r e su l t s  of Blaney, e t  a l . ,  ("1 Zwelberg  and 

III. Josephson Junction Mixers  

P roposed  by Josephson(31) i n  a theoret ical  a r t i c l e  in 1962, the Josephson junction was  or iginal ly  en -  
visioned as cons is t ing  of two superconductors  s epa ra t ed  by a thin insulating b a r r i e r .  The insulator  thick-  
n e s s  was  to b e  p rope r ly  chosen to  provide weak coupling for the superconducting e l ec t ron  p a i r s  via tunnel- 
ing. 
p redominate  configuration fo r  high frequency mixing h a s  consisted of a Nb point contac t  to a flat Nb su r face .  

This  type of coupling h a s  s ince been  demonst ra ted  with a var ie ty  of b a r r i e r s  and s t r u c t u r e s ,  bu t  t he  

The I-V c h a r a c t e r i s t i c  of such  a Josephson device  i s  shown in Fig. 6 a s  cu rve  A. (32) 
c u r r e n t  IC, c u r r e n t  f lows through the junction in the absence of a cor responding  voltage drop. 

Up to  a c r i t i c a l  
F o r  c u r r e n t s  

V 

F i g .  6. C u r r e n t  voltage c h a r a c t e r i s t i c s  of a Josephson junction. Curves  
A and B a r e  with and without local o sc i l l a to r  power,  respect ively,  

g r e a t e r  than IC,  where in  a dc junction voltage does resul t ,  an  osci l la t ion in c u r r e n t  and  vc 
with an angular  f requency  given by , 

2q vo 
'U = - 

J h  

where  Vg is the applied dc voltage and h is P lanck ' s  constant divided by 2 n. 

tage is produced  

If the device  is b iased  with a dc voltage V O  and  a n  a c  local  osci l la tor  voltage V1 cos  it ,  the resul t ing 
s u p e r c u r r e n t  is  

Hence  the s u p e r c u r r e n t  is frequency modulated. Expanding this  expres s ion  in  ha rmon ics ,  one obtains 

Thus  the magni tudes  of the harmonic  components a r e  determined by B e s s e l  functions of o r d e r  n. 

The  in t e rac t ion  between these  ha rmon ics  and the self osci l la t ion produce the z e r o  frequency b e a t s  
shown a s  s t e p s  in  Fig.  6. These  constant voltage s t eps  a re  s e p a r a t e d  by mul t ip les  of the voltage V = h 1,1/2q. 
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The  Josephson mixer  is b i a sed  with a constant c u r r e n t  between the  n = 0 and n = 1 s t eps  and with the z e r o  
voltage c u r r e n t  diminished by approximately two. If a small s igna l  with a frequency c lose  to Lu1 is s u p e r -  
imposed  on th i s  device, the  r e s u l t  is, i n  effect, a n  ampli tude modulation of the LO at  the  I F  frequency. (33)  

However ,  another  mode  The Josephson junction ope ra t e s  a s  a n  efficient mixer with small LO powers .  
of opera t ion  fo r  the Josephson  junction is obtained by e l imina t ing  the ex te rna l  LO a l toge ther  and using the  
self osc i l la t ion  of t he  junction in  i t s  s tead .  
no ise  in t roduced  in  the  conversion p r o c e s s  f r o m  a t roub lesomely  l a r g e  Josephson self -oscil lation l inewidth 
(z 1 G H z ) ( ~ ~ ,  35). This mode  of opera t ion  c l ea r ly  needs  f u r t h e r  development;  however ,  i t s  goa l  is pa r t i cu -  
l a r l y  des i r ab le  a t  F IR  wavelengths where  adequate  LO c o u r s e  power is held at  a p r e m i u m .  

The ma in  s o u r c e  of difficulty with th i s  self-pumping mode  is the 

Table  11. Reported r e s u l t s  with Josephson  junction m i x e r s  at 4 . 2  K. 

Wavelength 
(pm) 

337 

950 

MDP Refe rences  
(W H z - l )  

1 0 - l ~  B l a n e ~ ' ~ ~ )  

3 x 10 -2 l  Edr i ch ,  e t  al. (37)  

A s  summar ized  in  Table  11, the Josephson junction mixer h a s  y ie lded  v e r y  good sens i t iv i t ies  a t  sub -  
mi l l ime te r  wavelengths. 
1 x 10-17 WHz-l  a t  337 pm using 
t u r e  am2l i f i e r  with a noise  t e m p e r a t u r e  of 500 K. 
was  approximately 29  dB, a value which inc ludes  the s igna l  input matching loss.  

Blaney(36) using Nb-Nb point contac ts  at 4.2 K r e p o r t s  a r e c e i v e r  MDP of 
wat t s  of LO power.  Output no i se  was  dominated by a r o o m  t e m p e r a -  

The smallest obse rved  conversion l o s s  of the junction 

Edr i ch ,  e t  al. ( 3 7 )  a l s o  using Nb-Nb contac ts  a t  4. 2 K ,  r e p o r t  considerably be t t e r  p e r f o r m a n c e  fo r  the  
junction by subtracting off a num5er of s y s t e m  l o s s e s .  
loss of 9. 5 dB and a m i x e r  noise  t e m p e r a t u r e  of 223 K a t  950 pm. 
m i x e r  MDP of 3 x 

They find the junction i tself  exhibits a conve r s ion  
Th i s  p e r f o r m a n c e  c o r r e s p o n d s  to  a 

wa t t s /Hz .  

Tinkham, et al. ( 3 8 )  r e a s o n  tha t  the above theo re t i ca l  t r e a t m e n t  of the  Josephson junction is inadequate 
They a t t r ibu te  s i m p l e  bo lomet r i c  heating as the appropr i a t e  mixing a t  wavelengths sho r t e r  than 

m e c h a n i s m  a t  these wavelengths and e s t i m a t e  tha t  the bandwidth of t h i s  type of mixing should b e  a s  l a r g e  
as the ene rgy  gap frequency. 

100 pm. 

IV. Photoconductive M i x e r s  

Photoconductive de t ec to r s  de r ive  the i r  rad ia t ion  sens i t iv i ty  f r o m  the change in  semiconductor  conduc - 
tivity induced by the rad ia t ive  t rans i t ions  within the c rys t a l .  
i n t r in s i c ,  ex t r ins ic  and f r e e  c a r r i e r .  (39 )  

T h e r e  a r e  three d i f fe ren t  types  of t rans i t ions :  

In t r ins ic  photoconductivity r e su l t s  f rom the photoexcitation of e l ec t rons  f r o m  the  va l ence  band to  the 
conduction band. 
Ex t r in s i c  photoconductivity is der ived f r o m  t r ans i t i ons  f r o m  impuri ty  leve ls  within the  gap  to conduction 
band fo r  n-type material and to the  valence band fo r  p-type ma te r i a l .  

F o r  the  wavelengths of i n t e r e s t  h e r e ,  t h i s  type of photoconductivity is not applicable.  

F r e e  c a r r i e r  photoconductivity r e s u l t s  f r o m  a change i n  the conductivity of e l ec t rons  a l r e a d y  within the 
conduction band. 
e l ec t rons  and the la t t ice ,  the rad ia t ion  abso rbed  by the e l ec t rons  raises the i r  t e m > e r a t u r e  resu l t ing  in  a 
change in  mobility, and hence ,  a change in  conductivity. 
at long wavelengths, i. e . ,  g r e a t e r  than approximately 400 pm. (28)  

By cooling the c r y s t a l  t o  v e r y  low t e m p e r a t u r e s  to weaken the coupling between the  

F r e e  c a r r i e r  photoconductivity is appl icable  only 

Cryogenic  cooling of all  these photoconductors is a necess i ty  at the wavelengths of i n t e re s t .  Only in  
the  n e a r  i n f r a red  ( 1 - 3 pm) is r o o m  t e m p e r a t u r e  ope ra t ion  pe rmis s ib l e .  A s  the  de tec tor  wavelength in-  
c r e a s e s ,  i nc reased  cooling is n e c e s s a r y  to  r educe  the competi t ion between c a r r i e r s  gene ra t ed  by incident 
s igna l  photons and those  gene ra t ed  thermal ly .  
wavelengths longer than  100 pm. 

In gene ra l ,  l iquid he l ium t e m p e r a t u r e s  a r e  r equ i r ed  for 

A photoconductive de tec tor  is adaptab le  to heterodyne mixing b e c a u s e  of the  nonlinearity p r e s e n t  in  its 
That is, the output c u r r e n t  is p ropor t iona l  to the power abso rbed  in  the c r y s t a l ,  and s q u a r e  law behavior.  

hence ,  proportional to the  s q u a r e  of the  e l ec t r i c  f ie ld  of the  i m p r e s s e d  radiation. 
s igna l  and loca l  o sc i l l a to r  power,  th i s  nonlinearity y ie lds  t h e  IF ,  o r  d i f fe rence  f requency .  

In the  p r e s e n c e  of both 

The bandwidth capabili ty of the heterodyne photoconductor is  l imi t ed  by the ma jo r i ty  c a r r i e r  l i f e t ime  7 
This  l i fe t ime is respons ib le  f o r  the  degradat ion of mixer p e r f o r m a n c e  at  high I F  f r equen-  of the  material. 

c ies .  Consequently,  fo r  
appl ica t ions  where a wide I F  bandwidth is des i r ab le ,  s o m e  semiconduc to r s  a r e  m o r e  su i tab le  fo r  t he  t a sk  
than o the r s .  
less than  10 MHz. 

T i s  found to v a r y  cons iderably  with the semiconductor  and dopant consti tuents.  

However in  genera l ,  photoconductive mixers i n  the  FIR a r e  c h a r a c t e r i z e d  by bandwidths 
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Table 111. Repor ted  r e su l t s  with extrinsic photoconductive m i x e r s .  

Temp. of 
Mate r i a l  Wavelength Bandwidth Operation MDP 

(w-4 (MHz) (K) (W H z - l )  

Re fe rences  

(40)  Ge:Ga 119 = 5  4 .2  Se ib  

GaAs 337 7 4  4. 2 F e t t e r m a n ,  e t  al. 
(43) 

S i  (D- s t a t e )  119 150 2 3 x 1 0 - l 6  Norton, e t  a l .  

GaAs 337 4. 2 1 .4  1 0 - l ~  De Graauw, e t  al .  

( 4 i  j 

(42) 

Table  I11 s u m m a r i z e s  the r e su l t s  of t h r e e  heterodyne expe r imen t s  with ex t r in s i c  de t ec to r s .  Se ib ' s  
r e s u l t s  with gall ium-doped ge rman ium at 119 p m  w e r e  ham e r e d  by insuff ic ient  LO power.  (40) In the e x -  
pe r imen t s  of F e t t e r m a n ,  e t  al. (41) and De Graauw, et al. (4y) with GaAs at  337 pm,  the detection m e c h a n i s m  
is photo ionization of shallow donor s t a t e s .  The mechanism util ized in  the expe r imen t s  of Norton, et al. (43) 
is based  on a n  unusual type of bound e l ec t ron  s t a t e s  i n  n-type Si. At low t e m p e r a t u r e s  (%K) ve ry  weakly 
bound e l ec t ron  s t a t e s  can  be  fo rmed  between an  e lec t ron  and a neu t r a l  donor impur i ty .  The obse rved  photo- 
conductivity r e s u l t s  f r o m  the excitation of th 
t ion band. A m e a s u r e d  response  t ime  of lo-' seconds  would indicate  a 150 MHz he terodyne  bandwidth, a 
va lue  substant ia l ly  l a r g e r  than those  typically encountered with ex t r in s i c  m i x e r s .  
MDP of 3 x 

e lec t rons  f r o m  these  negative donor ion s t a t e s  to  the conduc- 

The i r  r epor t ed  r e c e i v e r  
wat t s /Hz  is an  ampl i f ie r  l imi ted  resul t .  

Table  IV. Repor ted  r e s u l t s  with hot electron photoconductive m i x e r s  at  4. 2 K. 

MDP - Mate r i a l s  Wavelength Bandwidth 

(MHz) (W Hz- l )  (mm) 
Refe rences  

GaAs 4 F e t t e r m a n ,  et al .  (41) 

InSb 1 .3  2 4 x 10-2l Phi l l ips  and J e f f e r t ~ ' ~ ~ '  45) 

Table  IV s u m m a r i z e s  the he te rodyne  r e s u l t s  of two hot e l ec t ron  ( f r e e  c a r r i e r  absorp t ion)  photoconduc - 
The  r e s u l t s  of Phi l l ips  and J e f f e r t ~ ( ~ ~ 9  45) with a n  InSb hot e l ec t ron  bolometer  a r e  outstand- t ive detectors .  

ing. With only 4 x 
f o r e c a s t  that  the device  can  be  extended to about 600 p m  before the bolometer  e l emen t  c e a s e s  to respond to  
radiation. 

watts of LO power,  they obtained an  MDP of 4 x WHz- l  a t  1. 3 mm. They 

V. Other  De tec to r s  

Table V. Repor ted  r e su l t s  with MOM and pyroe lec t r i c  mixe r s .  
Operating t em2era tu re  i s  at r o o m  ambient.  

Detec tor  Type Wavelength MDP Refe rences  

(pm) ( W  H z - l )  
(40 )  

(27) 
P y r o e l e c t r i c  337 Gebbie, e t  al. 

MOM 337 10-15 - 10-16 Blaney, e t  a l .  

Table  V shows r e s u l t s  of two o ther  room tempera ture  m i x e r s .  The py roe lec t r i c  de tec tor  is a f e r r o -  

Response t i m e s  a r e  l imi ted  by the e l ec t r i ca l  c i r c u i t r y  and the provi -  
e l ec t r i c  device where in  incident radiation changes the spontaneous polarization of the la t t ice  resul t ing in  a 
net  e l ec t r i c  field a c r o s s  the c rys t a l .  
s ions fo r  hea t  sinking. 
sensit ivity.  
as a m i x e r ,  the l a r g e  local  osci l la tor  powers  n e c e s s a r y  for high sensit ivity may demand that cooling be a 
requi rement .  ( 2 8 )  

Nanosecond r e sponse  t imes  a r e  possible but at the expense of a s e v e r e  l o s s  in 
Room tempera tu re  opera t ion  is the principle a t t ract ion of the py roe lec t r i c  detector .  However,  

The meta l -oxide-meta l  (MOM) diode cons i s t s  of a very l ight contact of a me ta l  whisker  onto a f la t  
me ta l  surface.  (47) It is believed that  this  configuration produces a meta l -oxide-meta l  s t r u c t u r e  whose I-V 
behavior is dominated by e l ec t ron  tunneling. 
its unusually wide bandwidth h a s  allowed i t s  u s e  a s  a harmonic mixe r  to wavelengths a s  s h o r t  a s  2 pm. (48) 
The device is v e r y  unstable,  but because  of i t s  wide bandwidth i t  has  been an e s sen t i a l  ingredien t  in p r e -  
c is ion frequency met ro logy  exper iments  a t  FIR wavelengths. (48-50) 

future ,  a r e  the hot  c a r r i e r  ( t he rmoe lec t r i c )  d i ~ d e ( ~ l - ~ ~ )  and the super  -Schottky diode. ('4-56) The hot 
c a r r i e r  diode is a m e t a l  semiconductor contact device i n  which incident radiation, coupled to the diode by a 
whisker  antenna, is  absorbed  by major i ty  c a r r i e r s  in  the vicinity of the contact. These  "warmed"  c a r r i e r s  
i n  turn gene ra t e  a the rmoe lec t r i c  output voltage which i s  proportional to the absorbed  incident power. The 

The nonlinearity of its I-V cha rac t e r i s t i c ,  although weak, and 

Two devices  which have not ye t  been extended into the 40 p m  - 1000 p m  region, bu m v be in the nea r  
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Fig. 7. Reported values of mixer minimum detectable power (MDP) as  a function 
of wavelength. 
The Schottky-barrier mixer results were obtained with room temperature 
operation. 

The two filled-in data points refer to values of receiver MDP. 

The remaining devices were cooled to 4. 2 K ,  or below. 



bandwidth of this  device is de te rmined  by the re laxa t ion  t ime T e  f o r  the hot  c a r r i e r s  to  the rma l i ze  with the 
la t t ice .  F o r  the semiconductors  of i n t e re s t ,  T e  is the o rde r  of to a t  r o o m  t e m p e r a t u r e ,  i n -  
dicating that  bandwidths nea r  100 GHz a r e  possible .  E r l e r  and  A ~ k e r m a n ( ~ ~ )  have recent ly  obse rved  r o o m  
t e m p e r a t u r e  mixing a t  10.6 p m  with an  IF  frequency of 55 GHz using a point contact to  n-type InAs. (Th i s  
m a t e r i a l  is pa r t i cu la r ly  suited to the hot c a r r i e r  device since m e t a l  contacts to  n-InAs a r e  c h a r a c t e r i z e d  by 
the absence  of a Schot tky-bar r ie r .  ) Because  of a demonst ra ted  sensi t ivi ty  a t  10 pm,  its wide bandwidth, 
r o o m  t e m p e r a t u r e  opera t ion .  and its adaptabili ty to microfabr ica t ion  techniqiies developed for  Schottky- 
b a r r i e r  diodes,  the hot c a r r i e r  t he rmoe lec t r i c  diode appears  to have  good potential  in  the submi l l ime te r ,  

The supe r  -Schottky diode is  the m o s t  sensi t ive detector of microwave  radiation yet  developed. (54-56)  

A Schot tky-bar r ie r  type of device,  i t  con-  
As a m i x e r  a t  10 GHz, it h a s  de l ivered  an  MDP of 8 x 
p e r a t u r e  of 1 K. 
s i s t s  of a superconducting contact to a heavily doped semiconductor.  
u sed  P b  contac ts  on p-type GaAs. 
doping r equ i r emen t  of the device but the mobili ty of p-GaAs is relat ively low. 
l o s s  in  sensi t ivi ty  at high f requencies  due to the effects  of the pa ras i t i c  l o s s  L1  via the third t e r m  in ( 6 ) .  
Development effor ts  to  extend this  device to mi l l ime te r  and submi l l imeter  wavelengths a r e  center ing  on 
techniques to  lower  the  spreading  r e s i s t ance  of t h e  device. 
Section 11, and  the use of Schottky-barrier contac ts  to  semiconductors  with ve ry  high mobil i t ies ,  e. g. , 
n-InSb and  n-InGaSb, a r e  being actively pursued. ( 5 9  57)  

WHz- l  ( T M  = 6 K )  a t  a liquid he l ium bath t e m -  
The LO requ i r emen t s  a r e  only 2 x 10-8 wat ts .  

Expe r imen t s  r epor t ed  to date  have  
The high solubility of GaAs fo r  acceptor  impur i t i e s  fulfi l ls  the heavy 

The low mobili ty r e s u l t s  in a 

The contact a r r a y  method, d i scussed  above in  

VI. Conclusion 

The above sec t ions  cover the major  effor ts  repor ted  on m i x e r s  operating in the 40 p m  to 1000 p m  
range. 
types  of m i x e r s  k T M  = hv. (58) 
and  hence ,  only f o r  m i x e r s  cooled to cryogenic t empera tu res  for  the wavelengths under d iscuss ion .  

F i g u r e  7 i l l u s t r a t e s  i n  r e l a t ive  t e r m s  the excellent pe r fo rmance  the Josephson junction m i x e r  h a s  

A s u m m a r y  of r epor t ed  sensi t ivi t ies  i s  p resented  in  Fig.  7 along with the quantum l i m i t  fo r  t hese  
This limit i s  applicable only f o r  photon ene rg ie s  hv much g r e a t e r  than kT ,  

yielded a t  submi l l ime te r  wavelengths. However,  p roblems a s soc ia t ed  with the reproducabili ty of i t s  p r o p -  
e r t i e s  and p a r a m e t e r s  and the mechanica l  stabil i ty of the device r ema in  a ma jo r  concern.  

One would conclude that because  of the many des i rab le  f e a t u r e s  of the Schot tky-bar r ie r  diode, this  
device will  a t t r a c t  the bulk of the attention in the y e a r s  to come. 
t e m p e r a t u r e  opera t ion ,  and mechanica l  stabil i ty make  the device an a t t r ac t ive  choice.  
that  r o o m  t e m p e r a t u r e  Schottky-barrier m i x e r s  with MDP's  of 1 x 
will b e  achieved in the v e r y  n e a r  future.  
efficient coupling to  the diodes is to be  achieved. 
and m u s t  b e  a d d r e s s e d  i f  t ruly significant advances  a r e  to be  made. 
and that  much r e m a i n s  to be done. 

Its sensi t ivi ty ,  wide bandwidth, r o o m  
One can  specula te  

wa t t s /Hz  in  the vicinity of 500 p m  
At sho r t e r  wavelengths effective mixe r  mounts mus t  be devised  i f  

Th i s  problem is cominon to a l l  of the diode type of m i x e r s  
It is c l ea r  that  work  is in i t s  infancy 
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